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FOREWORD 


The  Wave  Propagation  Laboratory  acts  as  the  focal  point  within  NOAA 
for  the  development  and  initial  application  of  new  methods  for  remote 
sensing  of  man's  geophysical  environment.  Since  its  creation  in  May  1967? 
the  Laboratory  has  pioneered  in  the  development  of  new  methods  for  remote 
measurement  of  atmospheric  parameters.  The  new  techniques  have  many  signi- 
ficant advantages  over  standard,  in  situ  methods:   in  particular,  automatic 
2k   hr  per  day  observations  can  generally  be  obtained  over  wide  areas.  With 
more  frequent  and  more  closely-spaced  data,  totally  new  insights  on  atmos- 
pheric structure  and  processes  are  becoming  possible. 

This  third  volume  of  Collected  Reprints  comprises  work  published 
from  1  January  1972  through  31  December  1973-  The  papers  included  in  this 
volume  have  been  selected  to  minimize  duplication  or  extraneous  material. 
Only  abstracts  rather  than  the  full  text  of  WPL  NOAA  Technical  Reports  are 
included.   Following  the  Author  Index  is  a  section  listing  references  for 
further  reading  as  well  as  the  complete  table  of  contents  for  the  volume 
Remote  Sensing  of  the  Troposphere,  published  in  August,  1972. 

It  is  hoped  that  this  and  subsequent  volumes  will  provide  a  summary 
of  the  results  of  this  laboratory  that  will  be  useful  and  stimulating  to 
both  researchers  and  interested  laymen.   The  insights  already  provided  by 
these  new  techniques  of  remote  sensing  clearly  demonstrate  the  potential 
of  this  field. 


C  .  ^C-fo^ctcx     jM.-'fru 


C.  Gordon  Little,  Director 
Wave  Propagation  Laboratory 
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ORDERING  INFORMATION 


Wave  Propagation  Laboratory  NOAA  Technical  Reports  and 
Memoranda  Reports  are  obtainable  through  the  National  Technical 
Technical  Information  Service,  Operations  Division,  Springfield, 
Virginia  22151. 

Wave  Propagation  Laboratory  Collected  Reprints  (1970-1971) 
as  well  as  additional  copies  of  the  present  volume  are 
obtainable  from  the  N.T.I.S.  at  the  above  address. 

Copies  of  Col lected  Reprints  of  the  Wave  Propagation  Laboratory, 
May  1967  through  Dec" 1 969  are  for  sale  by  the  Superintendent 
of  Documents,  U.S.  Government  Printing  Office,  Washington, 
D.C.  20^02,  Stock  Number  0323-0003,  price  $4.50. 

Remote  Sensing  of  the  Troposphere,  V.E.  Derr,  editor,  can 
also  be  obtained  from  the  U.S.  Government  Printing  Office, 
Stock  Number  0323-0011,  Catalog  No.  C55-602:  T75,  price  $9-00. 
(A  microfiche,  #Com-72-5106l  is  available  for  $.95) 
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A  microwave  radiometer  (lower  right)  of  the  type  used  to 
infer  the  integrated  liquid  water  content  of  clouds. 
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Reprinted  with   permission    from  the  Journal    of  Acoustical 
Society  of  America  Vol.    54,    No.    2,   461-46^ ,    1973- 

Amplitude  spectra  of  acoustic  pulses  in  the  ocean 

Edmund  H.  Brown  and  Steven  F.  Clifford 

SOAA/ERL.  Boulder,  Colorado  80302 

(Received  23  March  1972;  revised  6  December  1972) 

An  acoustic  pulse  propagating  in  the  ocean  encounters  weak  thermal  patches  that  scatter  energy  If  these  patches 
are  moving  with  a  mean  current  perpendicular  to  the  direction  of  propagation,  a  temporal  fluctuation  in  the 
pulse-averaged  amplitude  occurs.  This  study  calculates  the  temporal  frequency  spectrum  of  the  pulse-to-pulse 
amplitude  fluctuations  and  finds  the  result  in  terms  of  a  frequency  convolution  of  Tatarski's  CW  spectrum  found 
for  the  electromagnetic  case,  and  the  spectral  distribution  of  the  initial  pulse.  The  result  easily  generalizes  to 
amplitude,  phase,  and  phase-difference  spectra,  for  plane,  sphericaJ,  and  beam-wave  pulses. 

Subject  Classification:  13.2;  11.2,  11.7. 


INTRODUCTION 

Knowledge  of  the  effects  of  forward  scatter  by  ran- 
dom refractive  index  fields  on  the  transmission  of  an 
acoustic  pulse  has  important  applications  both  to  under- 
water detection  and  communication  and  to  basic  re- 
search on  the  dynamic  structure  of  the  oceans.  Motion 
of  a  random  field  due  either  to  mean  ocean  currents  or 
to  actual  motions  of  source  or  target  produces  spectral 
broadening  and  Doppler  shifting  of  the  initial  pulse 
spectrum.  This  paper  uses  the  general  solution  found 
by  Brown1  and  several  reasonable  approximations  to 
determine  the  shape  of  the  temporal  forward-scatter 
spectrum  of  the  amplitude  fluctuations  in  an  under- 
water acoustic  pulse  propagating  through  turbulence 
carried  by  aniean  transverse  current.  Earlier,  Tatarski,2 
using  Taylor's  hypothesis  and  the  two-dimensional 
spatial  spectrum  of  the  amplitude  fluctuations,  ob- 
tained a  similar  spectrum  for  CW  electromagnetic 
propagation  through  atmospheric  turbulence  trans- 
ported by  a  transverse  mean  wind.  The  analysis  of 
Clifford  and  Brown3  provided  the  equivalent  spatial 
spectra  for  line-of-sight  CW  acoustic  propagation  and 
showed  the  equivalence  of  the  acoustic  and  electro- 
magnetic problems.  The  present  result  assumes  an 
especially  simple  and  elegant  form  when  expressed  as 
a  convolution  with  respect  to  frequency  of  Tatarski's 
CW  result  and  the  pulse  spectral  shape  of  the  initial 
(unscattered)  power.  This  form  illustrates  and  supports 
the  conjecture  of  Su  and  Plonus4  that  the  statistical 
properties  of  the  wave  field  averaged  over  the  pulse 
length  are  a  linear  transformation  of  the  statistical 
properties  of  a  CW  wave  field. 

I.  BACKGROUND 

Whitmarsh,  Skudrzyk,  and  Crick5  simultaneously 
measured  the  random  temperature  fluctuations  in  the 
ocean  (finding  them  representable  by  a  Kolmogorov 
structure  function)  and  the  fluctuations  of  a  forward- 
scattered  underwater  sound  pulse.  A  somewhat  crude 


scattering  theory  gave  reasonable  agreement  between 
experiment  and  theory  with  the  assumption  that  the 
refractive  index  field  depended  on  temperature  fluctua- 
tions alone  and,  tacitly,  that  the  speed  of  sound  was 
a  linear  function  of  temperature.  Shvachko6'7  reported 
on  similar  studies  which  measured  fluctuations  in  the 
index  of  refraction  directly  with  an  acoustic  refrac- 
tometer  and  compared  the  scattering  data  by  means  of 
the  more  sophisticated  diffraction  theory  developed  by 
Tatarski2  for  the  atmosphere. 

Recently,  Kaufman8  suggested  that  the  fluctuations 
in  sea  temperature  usually  remain  small  enough  for  a 
linear  relation  between  speed  of  sound  and  temperature 
(with  the  temperature  fluctuation  coefficient  ac0/To, 
where  a  becomes  equal  to  5  for  the  atmosphere)  to 
give  a  good  approximation  to  the  scattering.  This 
permits  many  results  in  the  literature,  such  as  the 
spatial  amplitude  and  phase  spectra  of  Clifford  and 
Brown-1  or  the  temporal  power  spectrum  of  Brown  and 
Clifford,9  to  apply  also  to  the  ocean  by  replacing  the 
temperature-structure  constant  Ct  by  2aCr-  In  addi- 
tion, Kaufman's  analysis  of  previous  data  confirms 
that  temperature  fluctuations,  rather  than  velocity 
fluctuations,  provide  the  principal  random  scattering 
mechanism  of  sound  in  the  ocean.  Similarly,  the  theo- 
retical analysis  in  Chap.  12  of  Ref.  2  for  CW  propaga- 
tion applies  to  the  ocean  on  substituting  the  tempera- 
ture spectrum  4aH>r  for  the  refractive  index  spectrum 

II.  ANALYSIS 

For  a  transverse  mean  current,  the  forward-scatter 
wave  found  by  Brown1  reduces  to 


»(L,k,xa)=[ 


(I4>(k,)  exp(iKaxa)kiD0(Akil) 


exp(ikiL)—  exp[  —  i(/c3  —  q)L~\ 

Xexp(iK3L) .     (1) 

ki+Kj—q 
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Here,  P'  is  the  scattered  acoustic  pressure;  L  is  the 
path  length  ;  k=w  fo,  with  u>  the  angular  frequency  and 
to  the  equilibrium  sound  velocity;  </<£(*■)  is  the  Fourier- 
Stieltjes  measure  of  the  refractivity  field  over  the  wave- 
number  space  k,(i  =  1,  2,  3;  a=l,  2);  xa  are  the  co- 
ordinates in  the  plane  perpendicular  to  the  direction 
of  propagation  and  s  is  the  coordinate  along  the  path; 
k\=k— Kam„,  where  ma  =  wa  V<>,  tne  ratio  of  the  velocity 
components  of  the  mean  transverse  current  to  the 
sound  velocity;  and  Aki  =  ki  —  k0,  with  k0  the  carrier 
frequency.  The  function  Du  is  the  spectrum  of  the 
initial  pulse  shape,  /  is  the  half  half-length  of  the  pulse, 
and  q  is  defined  by  q-  =  ki2—K!,  where  x2  =  k0k0. 

Since  the  desired  final  form  will  relate  the  amplitude 
spectrum  of  the  pulse  to  the  C"\V  result  of  Tatarski,- 
changing  the  representation  of  the  fluctuations  from 
three-dimensional  measure  d<t>  to  Tatarski's  two-dimen- 
sional measure  dv  simplifies  the  analysis.  The  measure 
d,  is  related  to  </</>  by 


where  d0  is  the  inverse  Fourier  transform 


h{Ka,z)  =  —  I 
J  m 


/«/>(«,)  exp(!K3z), 


(2) 


where  k„  =  k\,  k-i.  Under  the  k3  integration  in  Eq.  1,  the 
Fourier  transformation  Eq.  2  inverts  as  if  dv  and  d<t> 
were  functions, 


f    d<t>MFM  =  -  [    -  f 

J  (3)  J  (3)   2lT  J 


dz  exp(  —  j'kjz) 

XdK3dv(Ka,z)F(K3).     (3) 

The  combination  of  restricting  dv(i<a,z)  to  zero  for  nega- 
tive 3,  assuming  the  pressure  fluctuations  are  the  limit 
for  zero  damping  (thus,  that  the  /^-integration  is 
equivalent  to  a  contour  integration),  and  using  Eq.  3, 
transform  Eq.  1  to  the  form 

P'(L,k,xa)  =  -i  J       /    dzdv(Ka,z) 

J  („)   J  0 

Xexp[_iKaxa  +  iqL+i(k1-q)z']klD0(Ak1l).     (4) 

Some  of  the  approximations  used  to  obtain  the 
normalized  amplitude  spectrum  of  C\V  waves  in  £-space 
breakdown  when  applied  to  pulses.  This  awkward  snag 
in  the  analysis  occurs  when  there  are  frequencies  for 
which  the  initial  pulse  spectrum  vanishes  but  the 
scattered  wave  spectrum  is  not  zero.  First  defining  the 
amplitude  in  terms  of  the  time  /,  or  rather  the  equiva- 
lent distance  r/  =  c0',  avoids  this  difficulty.  After  the 
transformation  r;  — +  r\-\-L  (for  a  system  where  the  time 
origin  is  at  the  center  of  the  received  initial  pulse)  the 
initial  wave  becomes 


/„  =  J-'A,=  f 


//texp( -/£,?)£>„(«) 


of  the  initial  spectrum.  Here  </»  is  a  unit  pulse  of  char- 
acteristic length  21,  where  the  area  under  the  pulse 
is  21  and  the  peak  is  1.  Then,  the  total  pressure  at  the 
receiver,  letting  the  .v„  in  P'(L,k)  =  P'(/,,k,xa)  be  under 
stood,  is 

p(L,ri)  =d(,(r))  exp(-ikur)) 

+  /  dk  exp[- ik(n  +  L)-]P'(L,k).     (6) 

Defining  p(n)  =  a(rj)  e\pi^(»j),  with  the  real  functions 
a(v)  =  d0(v)+Oi(v)  and  ^(v)= —kov+^iiv),  the  ampli- 
tude is  given  by 

a2M  =    </o()?)  +  Re  exp(ik0r,) 


</ 


X  /  dk  exp[-ik(r,+L)]P'(L,k) 


I  dk  exp[- 


■ik(v+L)2P'(L,k)     .  (7) 


+    Im  exp(ik0y) 


Retaining  only  first-order  terms  in  the  scattered 
field  P'  in  the  interval  —  Kr\<l  (and  neglecting  the 
tail  for  r]>l  added  by  off-axis  contributions  traveling 
a  greater  distance),  the  total  amplitude  becomes 

a(v)~l+Rt  J  dk  exp(-iAkv)[exp(-ikL)P'(L,k)],  (8) 

or,  with  the  abbreviation  P(L,k)=exp(  —  ikL)P'(L,k), 
and  Ak  =  k  —  k0,  the  scattered  pulse  amplitude  is 


a^r,)  =Re  /  dk  exp(iAkr,)P(L,k). 


(9) 


Xow,  transformation  back  to  &-space  gives 


A1(k)=5a1(v)=—      dr,exp(ikv) 
2jt  ' 


or, 


po(L,ri)=do(v)  exp(-ikov), 


(5) 


XRe  /  dk'  expl-i(k'-k0)^P(L,k'),     (10) 


A1(k)  =  iP(L,  k+k0)+$P*(L,  -k+ko).      (11) 
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From  Eq.  4  and  the  definitions  of  P, 


P{LJk)=-i  I      [' 

J  (a)   Jo 


lz<h(Ka,z)  exp[iK0(A0  —  m„/_)] 


Tatarski,2  gives 
W(k)  =  (ir/2l)ko2 

•  L  rL 


XhlM&kit)  expC-i(*,-?)(L-*)].    (12) 

Substituting  Eq.  12  in  Eq.  11  and  using  the  property 
that  the  refractivity  is  real,  or  dv*(— k„,  z)  =  (/v(k„,z), 
leads  to  the  following  expression  for  the  amplitude 

A ,(*)=-  f      f    <lzdv(Ka,z) 
2/  J („)  Jo 

Xtxplua(xa-maL)-iki(L-z)2Do(kil) 

X{(ki+k0)  exp[-/(^0-9+)(A-2)] 

+  (ki-k0)  exp[i(*0-r)(i-*)]}.     (W) 

where  q±  =  [(ki±k0)i— x2]!.  Since  D0  is  negligibly  small 
for  kd  outside  the  range  (— r,  r),  the  condition  *o/»l 
(equivalent  to  many  waves  in  each  pulse)  implies  that 
only  values  of  the  coefficients  for  which  ki/k0«l  con- 
tribute to  the  amplitude  or,  *i±*o~±*o-  A  similar 
approximation  in  the  phase  requires  the  conditions 
Lq<21  and  X<Z.0,  where  L0  is  the  outer  scale  of  turbu- 
lence. The  analysis  of  Tatarski2  relies  on  the  condition 
X«/0>  with  la  the  inner  scale  of  turbulence,  to  obtain  the 
equivalent  of  the  expansions  of  the  square  roots  q±. 
Clifford  and  Brown,3  however,  have  shown  that  these 
expansions  still  give  good  results  when  \<L0.  With 
the  above  approximations,  and  with  the  transformation 
2— ►  L  —  z,  Eq.  13  now  becomes 


X  J  d*K*  J    dt  j    dz'Fn(<a,  2-z')£>„W) 

r      x2  x2  "I 

X   cos — (z-z')-cos — (z+z')  \.     (16) 
L      2*o  2/feo  J 

Making  the  familiar  transformation  £=z—z,  f  =  z', 
integrating,  and  using  the  relation  obtained  from  Eq. 
1.53  of  Tatarski2  and  the  fact  that  F„  is  even  in  £, 

1    /■« 

<J>„[(«2+a2)»]=-  /    dZcosa£F„(K,$),         (17) 
ir  Jo 


reduces  W{k)  to 


2  \  2-iK 


Ax{k) 


~,f  f 

J  (a)  J  a 


dzdv(Ka,  L—z) 


W(k)  =  (*/2l)  j  d'K.Do'ikrOrko'L^ffx'+f—  J  1  \ 

r      k0      x*l-\ 

X    1 sin L     (18) 

L     x2z.      k0  J 

or,  in  terms  of  the  two-dimensional  amplitude  spectrum 
FA  found  in  Eq.  7.48  by  Tatarski,2  and  using  the  facts 
that  $>„(/<)  is  slowly  varying  and,  from  Clifford  and 
Brown,3    that    the    approximations    remain    valid    for 

W{k)  =  («/20  j  d\aDa\hl)FA{xfi).         (19) 
Express  ZV(*iO  as  a  transform 

dr,  exp(iAn>)/A(i7/20,         (20) 


Xexp[iKa(xa  —  tnaL)~]D0(kil)  sin — .     (14) 

2*o 

If  the  covariance  of  a\{r\)  is  averaged  over  the  pulse 
length  21,  (see  Brown  and  Clifford9  for  a  more  extensive 
discussion  of  averaging  procedures  for  a  sequence  of 
pulses)  and  the  averaging  integration  expressed  as  a 
Fourier  transform  (which  introduces  a  factor  27r),  the 
spectrum  W{k)  of  the  amplitude  covariance  becomes 


D02(*i/)=—  fc 

2lt  J 


and  write  cPKa  =  xdxd6  and  maKa  =  mx  cos$.  Then,  the 
^-integration  gives 

f 

/      dd  exp(ikirf  =  2ir  exp(ikr))Ja(mxr)).         (21) 

J  o 


W(k)=(*/l)(A1(k)Al*(k)), 


(15) 


Substituting  Eq.  21  in  Eq.  20  yields 

Y{mx-k) 


/ 


d6D02(k1l)  =  2D02(kl)i 


where  (  )  indicate  ensemble  averaging  over  a  series  of 
pulses.  Substituting  Eq.  14  in  Eq.  15  and  using  the 
relation 

{dv{Ka,z)dv*{Ka',z')) 

=  Fn(na,  z  —  z')b{Ka  —  Ka')(PKa<pKa',  where  Fn  is  the  two- 
dimensional   spectrum  of   the   refractivity  defined   by 


*  (m2x2-*2)» 


(22) 


where  Y{k)  is  the  Heaviside  step-function,  equal  to  one 

for  positive  *,  and  zero  for  negative  *,  and  the  con- 

* 
volution  *  is  defined  by 

J(k)*g(k)=jdk'J(k-k')g(k'). 
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Finally,  introducing  Eq.  22  in  the  result  Eq.  19  gives 


W(k)=iir/l)Doa(k[)*  J 


,1k — 


*FA(x,0) 


(mV-*2)' 


(23) 


The  right-hand  side  of  the  convolution  in  Eq.  23  is 
exactly  the  CAY  spectrum  of  Tatarski.2  In  the  C\V 
case,  ir,IDo2(kl)  —*&(k)  and,  thus,  Eq.  23  transforms 
to  Tatarski's  result.  .Note  that,  for  convenience,  we 
have  used  the  spectrum  as  a  function  of  temporal  wave 
number  k  =  u),'c0  rather  than  angular  frequency  w,  and 
that  H'(*)=r„H'(w). 


ra.  CONCLUSIONS 

The  temporal  frequency  spectrum  of  the  amplitude 
fluctuations  of  a  plane-wave  acoustic  pulse  propagating 
over  a  path-length  L  through  the  ocean,  modeled  as  a 
random  isotropic  refractive  index  field  moving  with  a 
constant  mean  transverse  current,  has  been  found.  The 
result  is  expressed  in  the  form  of  a  convolution  with 
frequency  of  the  spectral  shape  of  the  initial  power  per 
unit  pulse  length  with  the  spectrum  found  by  Tatarski 


for  the  propagation  of  CVV  waves.  With  increasing 
pulse  length  the  result  approaches  that  of  Tatarski. 
The  result  Eq.  23  quickly  generalizes  to  phase  and 
phase  difference  temporal  frequency  with  the  insertion 
of  the  appropriate  spatial  spectra  Fs(k,Q)  and  Fijv(k,0) 
from  Tatarski.1"  It  also  gives  the  results  for  amplitude, 
phase  and  phase  difference  for  spherical  pulses  using 
the  spectra  found  by  Clifford"  and  ultimately  to  any 
physical  pulse  using  the  recent  results  of  Ishimaru.'- 
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Spectral  broadening  of  an  acoustic  pulse  propagating  through  turbulence 
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The  following  analysis  develops  the  equation  for  the  scattered  acoustic  power  and  spectral  broadening  of  a  plane 
acoustic  pulse  propagating  through  atmospheric  turbulence  that  is  moving  with  a  uniform  wind  transverse  to 
the  beam.  Assuming  weak  single  scattering,  the  resulting  propagation  broadening  is  proportional  to  the  wind 
velocity  divided  by  the  outer  scale  of  turbulence  and  is  independent  of  the  strength  of  turbulence  and  total 
propagation  range.  Further,  the  broadening  for  a  medium  with  variable  outer  scale  and  wind  shear  (e.g.,  a 
vertical  propagation  path)  is  determined  primarily  by  the  highest  ratio  of  transverse  wind  to  outer  scale 
encountered  by  the  pulse. 

Subject  Classification:  11.3,  11.7,  11.9. 


INTRODUCTION 

The  application  of  acoustic  Doppler  radar  tech- 
niques12 to  atmospheric  sounding  requires  that  the  sig- 
nal spectra  returned  from  the  scattering  volume  are 
not  too  severely  distorted  by  propagation  through  inter- 
vening turbulent  layers  for  useful  analysis.  That  is, 
spectral  broadening  due  to  the  presence  of  wind-driven 
turbulence  along  the  path  from  source  to  scatterer  and 
back  must  not  mask  the  Doppler  shift  and  spread  due 
to  motions  within  the  scattering  volume.  We  consider 
here  propagation  broadening  due  to  the  mean  cross- 
wind  advecting  turbulent  refractivity  fluctuations,  a 
function  of  both  the  wind  and  temperature  variations, 
through  the  propagating  wave. 

I.  ANALYSIS 

Consistent  with  the  above  assumptions,  the  following 
analysis  assumes  a  zero  component  of  the  mean  wind 
parallel  to  the  propagation  direction.  Brown3  has  gen- 
eralized the  equation  for  the  scattered  acoustic  field 
P'(k),  found  by  Tatarski,4  to  the  case  of  turbulence 
moving  with  a  mean  wind  with  the  vector  components 
u),,  f=l,  2,  3;  here  P'  is  the  Fourier  time  transform  of 
the  acoustic  pressure  in  the  scattered  wave  and  k  is  the 
ratio  k=u>/co,  of  angular  frequency  w  to  the  mean 
sound  speed  Ca.  Using  the  symbol  w,  =  u*i/c0,  the  gen- 
eralized equation  is 


V*P'+(k  +  imld,)'lP'  =  2d,(.X"lid,P), 


(1) 


where  d,  =  d/dx,,  .\"  is  the  Fourier  time  transform  of  the 
refractivity  fluctuation  field  «',  P  is  the  initial,  un- 
scattered  field,  and  the  convolution  operator  *•  is  defined 


f(x)*g(x) 


■/: 


dx'/(x-x')g(x'). 


(2) 


Equation  1  is  solved  by  Brown  by  obtaining  a 
Green's  function  and  substituting  the  three-dimensional 
Fourier-Stieltjes  transform4  of  the  refractive  index  field 


«'  determined  from  assuming  Taylor's  hypothesis 

n'Oi,0=  /  </<2>(k,)  exp[tK;(x;  —  w,l)~\;  (3) 

the  symbol  i!<P(k,)  represents  the  Fourier-Stieltjes  mea- 
sure of  the  refractive  index  field  over  the  three-dimen- 
sional wavenumber  space  k,.  The  initial  field  P  is  as- 
sumed a  plane  wave  pulse  in  the  z  direction.  Let 
ko  =  uo/co,  where  u0  is  the  carrier  frequency,  &k  =  k— k0 
and  k  =  k{\  —  m),  where  m  is  the  component  of  ml  =  ii\/Co 
in  the  direction  of  the  initial  wave;  thus,  k  is  the  wave- 
number  corrected  for  the  refractive  effects  of  the  mean 
wind.  Then  the  initial  wave  is 


P(z,k)  =  D0(Akl)e"", 


(4) 


where  D0{Akl)  is  the  frequency  spectrum  of  the  ini- 
tial pulse  shape  with  a  pulse  characteristic  length  21. 
•  As  a  particular  example  the  rectangular  unit  pulse 
do(z—c0t)  produced  by  turning  the  transmitter  on  and 
off  for  the  time  interval  2//co  has  the  frequency  spec- 
trum D0(&kl)  =  lsmAkl/irAkl. 

The  resulting  solution  for  P'  (see  Brown3  for  details) 
in  the  forward  hemisphere  at  a  distance  I.  from  the 
source  is 


P'(k)  =  I  ,/<*>(*,)  expi'^xJkDoiAkil) 

exprjOi+<c3)L]-exp(/gL) 


(5) 


ki+K3  —  q 

where  xa  are  the  coordinates  in  the  plane  perpendicular 
to  the  direction  of  propagation,  ki  =  k  —  maKa,  with  m„ 
=wa/co  the  components  of  the  ratio  of  the  mean  cross- 
wind  to  the  sound  velocity,  and  q  is  defined  by  ql  =  k\- 
—  x1  with  x2  =  KaK0.  Equation  5  is  the  first-order  scat- 
tered field  found  in  the  single  scattering  approximation. 
The  scattering  is  weak  in  the  sense  that  the  refractivity 
fluctuation  »'  that  scatters  the  incident  wave  satisfies 
the  condition  »'«(«),  where  (n)  is  the  mean  refractive 
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index.   Hoth  phase  and  amplitude  scintillations  occur 
with  a  total  phase  deviation  of  many  radians. 

True  measurements  of  acoustic  intensity  (energy 
llux)  are  rare  since  they  require  simultaneous  use  of 
pressure  and  velocity  microphones  (see,  e.g..  p.  265  of 
Beranek').  Ordinarily,  observations  are  made  of  the 
pressure  and.  thus,  the  relevant  quantity  required  of 
the  theory  lor  application  to  Doppler  spectrum  mea- 
surements is  i he  spectral  density  of  the  scattered  pres- 
sure field.  This  can  easily  be  seen  in  the  design  of 
Doppler  experiments.''  An  echo  sounder  emits  a  series 
of  pressure-wave  pulses,  each  scattered  pulse  is  Fourier 
transformed  individually,  and  the  resulting  spectrum 
is  averaged  over  successive  pulses.  Mathematically,  we 
can  follow  the  same  procedure  by  constructing  the 
time  autocorrelation  function  for  each  pulse: 

Ii„(T,n)  =  \im —  /     dlp'(t,Q)p'(t+T,  il),       (6) 

7  —  IT  J-T 


where  />'  is  the  pressure  and  il  labels  each  pulse.  Then, 
averaging  B,,(t,U),  which  is  still  a  random  variable, 
over  the  ensemble  of  many  successive  pulses  gives 


Bp(t)  =  (Bp(t,Q))0. 


(7) 


The  Doppler  spectrum  observed  by  the  experimentalist 
now  becomes 


l{k)=c0I(o>)=c0  J     drtr^Bpir). 
On  following  the  above  steps  and  introducing 
/>'(/)  =  J     dke<k«*p'(k) 

J  -to 

we  finally  obtain 

I(k)=(x/l)(P'(k)P'*(k))n. 

Inserting  P'(k)  from  Eq.  5  into  10  and  using  the  rela- 
tion from  Tatarski4 

(d4f(Ki)d<PW))=*n(K)8(Ki-Ki')d*Ki<PKi',         (11) 

valid  for  a  statistically  homogeneous  and  isotropic 
random  field  n'  having  the  three-dimensional  wave- 
number  spectrum  $>„(*),  the  pressure  spectrum  10 
becomes 


(8) 


W 


(10) 


I(k)  =  (ir/l)(PP*)  =  (ir/l)  /  </3k,4>b(0*iW(M,/) 

r  sin(Ai+Ka-?)(|Z,)ia 

X    2 .     (12) 

L  ki+K3  —  q         J 

Since  k\  =  k  —  ma.Ka  does  not  involve  kz,  it  is  useful  to 
consider  the  (^-integration  first.  Note  that  <!>„(*) 
=$> „[_(x- +k;?Y>~\,  assumed  a  monotonic  decreasing  func- 
tion, varies  slowly  as  a  function  of  k3  when  x:i<*.  The 
expression  in  brackets  in  Eq.  12  is  sharply  peaked  at 
K3  =  k\  —  q.  From  the  definition  q=(k{!  — x2)%  we  must 


have  k\—q<>i.  Therefore,  in  the  important  region  of 
integration,  we  have  h.,<x  and,  llm>  'I'„[(ji'-+K:i-i'j 
~<l>„(«).  This  result  depends  on  I  he  "sharpness"  of  I  In- 
peak  in  the  term  in  brackets  in  Kq.  12.  Sinn-  ihi>  term 
has  a  width  Ski-  1  /.,  if  >./.»l,  the  sharpness  will  Ik 
sufficient  to  permit  factoring 'l>„  mil  of  the  i^-inlegra 
lion.  The  worst  case  for  which  I  he  condition  ></.»! 
must  remain  valid  is  when  >,  =  1  /„,  where  /.;.  i-  llic 
outer  scale  of  turbulence.  Fur  this  case  the  condition 
becomes  /.»/.„,  thai  is.  I  he  requirement  thai  there  bi 
a  statistically  significant  number  of  largest  eddies  in 
the  total  propagation  path.  After  making  this  approx 
imaiion  and  performing  the  «:.-  integration,  F.q.  1.' 
becomes. 


/(*)  = 


rl.  /)  /  <l\akrlh?(Sl;xl  i> 


<>,).        (l.v 


Represent  lJ,r(Mi!   by  a  Fourier  transform. 

/VU*i/)  =  --     /     ,lze-'^'\l\(z.l),  (14; 

where  the  notation  reflects  the  fact  that,  if  do(s/l) 
=  P  'D„(M-\l)  is  a  rectangular  unit  pulse  of  length  21, 
then  f±(z/l)  is  a  triangular  pulse  of  length  4/  given  bv 
/j(2//)=(//T)(l-|z/2/i>/o(s/2/).  Then,  in  polar  co- 
ordinates, d:Ka  =  xdxdO  and  ki=k—mxcos0,  where  nv 
=  mama,  Eq.  13  becomes 


/(*) 


=  (2jr2Z.//)  I     rfx  •*#„{»    I     dz 
Jo  J-*, 


Xexp(^o3)/A(z//)(-l)^2 

X  exp(— ikz) —  /     dO  t\p(imxz  cos0)      (15) 

L  2tJ„  J 


=  (2ir2Z.//)   J     dx-x*«(x)    I     dz 

J  0  J -so 


X  exp(t*oz)/A(z//)  ( - 1 )  d,2[exp(  -  ikz)J0(mxz)  ],    (16) 

where  dz  =  d/dz. 

On  interchanging  the  order  of  integrations  and  per- 
forming the  ^-integrations  first,  Eq.  16  reduces  to 

I(k)  =  (tPL/!)   /     dzexp(-iAKz)fi(z/l)Bn(tnz),     (17) 


/.')    I     (, 


where  H„(mz)  is  the  two-dimensional  covariance  of  the 
refractive-index  fluctuations4  defined  bv 


Bn(mz) 


Jo 


'lx-xJo(tnzx)$„(x).  (18) 


The  second  partial  d22  in  Eq.  16  has  been  replaced 
by  —  k2  since  m<K\,  and  therefore  k»mlo~l,  where  /0 
is  the  turbulence  "inner  scale."  This  inequality  implies 
that  the  carrier  frequency  is  large  compared  to  the 
maximum  rate  of  modulation  mco/k  imposed  by  the 
turbulence. 


The  Journal  of  the  Acoustical  Society  of  America         37 


BROUN    AND    CLIFFORD 


The  * -integration  in  Eq.  17  is  possible  in  the  case  of 
a  von  Karman  spectrum  (see  Sirohbchn7): 

|'(U  6) 
*„(„)  = <•„-/.„" -'(l+ioV)-"  «,       (19) 

i.wr(j) 

where  (.',,  is  ihe  "structure  constant"  of  the  turbulent 
refractive  index  fluctuations  and  /.„  is  the  "outer  scale." 
For  a  lincof-sighi  pnlli  ('„  depends  on  both  the  tem- 
perature-structure constant  ( V  and  the  wind  structure 
constant,  ( ',.  For  a  folded  radar  path  of  length  L  =  2R, 
where  R  is  the  radar  range,  use  ('„  =  (>,  since,  to  first 
order,  the  refractive  effects  of  wind  eddies  cancel  in  a 
round  trip  through  the  same  volume.  That  is,  if  the 
pulse  transit  time,  2  R  r„,  is  much  smaller  than 
time  associated  with  edd\  motions,  the  wave  will 
interact  with  the  same  wind  eddies  twice  on  a  round 
trip  and  any  phase  advance  on  outward  passage  will 
be  cancelled  by  an  equal  phase  retardation  on  return. 
This  anisotropic  refractivitv  contribution  is  of  course 
true  only  for  wind  eddies;  temperature  eddies  cause 
cumulative  effects.  Using  formula  11.4.44  of  the  N'BS 
Handbook8  gives 


/(*)  = 


25"r($) 


Wiwj 


Cn'U^L/lW  /  dz  exp(-ibkt)fi(t/l) 


XI- 


6       /  I  mz  I  \ 


(20) 


where  K,(x)  is  the  modified  Bessel  function  of  the 
second  kind.  For  W»l,  the  factor  k*  in  front  of  the 
integral  can  be  replaced  by  ko2. 

Using  the  Fourier  transform  from  Vol.  2  of  Erdelyi 

el  al*  r 

r(j)     lr     /A*/\2T'  •-  / 

F[|Mf|5/6^/.(|Mfi)]  = l+(  — )         .(2D  J 


where  n  =  ml/L<,,  allows  Eq.  20  to  be  rewritten  in  the 
final  form 


/(*)  =-C„2Loi'3(L/l)kuWoi(±kl) 
3 

I  lr      /A*/\2t'| 

xHKt)]  \-  m 

or,  writing  out  the  convolution  as  an  integral  over  k' 

I(k)  =  T-C,2W{L/ml)k^  /     dk' 
3  /_« 

XW[(Ai-t')/]|l+( -J   |    .     (23) 


always  has  a  width  greater  than  either  of  them,  K(j. 
22  represents  a  s|)ectruni  whose  peak  is  decreased  liy 
the  factor  J( '„-/.„'■' (/.  l)k<?  and  by  the  convolution 
process  (for  ji><>),  and  whose  width  i>  increased  for 
any  ^>o. 

l-or/i  =  0,  Kq.  21  reduces  to 

I'd) 

lini  /•'[  n$  '•  "A;,  r,f  nt   )]=  -  —  6U*/i,         (24  i 

„-i>  >i/r, 


and  Eq.  22  becomes 

■VrFCf) 
lim  l(k)=- ('„'-/.„■'  •'(/.  l)k,?D,r(Skl),     (2.S) 

[■(!.) 

that  is,  a  spectrum  with  the  same  shape  as  the  initial 
pulse.  A  second  limiting  form  occurs  when  the  pulse 
halflength  /  becomes  arbitrarily  large,  for  then,  since 
liim,x  (jr  /)Af(£/)=5(/t),  Eq.  23  reduces  to  the  ("\\ 
broadened  spectrum 

An  m 

lim  I(k)  =  ICJWLko2 .      (26) 

'-w  [l+iMLo/m)*]* 

As  m  — *  0,  this  last  expression,  Eq.  26,  approaches 
zero;  that  is,  there  is  no  broadening  of  a  C\V  wave  in 
the  absence  of  wind. 


II.  DISCUSSION 

The  solution  for  the  forwardscatter  spectrum  Eq.  22 
has  a  number  of  interesting  properties.  The  "weight" 
of  the  spectrum— equivalently,  the  area  under  the 
curve — is  a  constant  independent  of  the  mean  wind, 


TVxr(f) 

dkl(k)  = C„2L0il3(L/l)k0 


r(J) 


</ 


X     dkD^Akl).     (27) 


Since  Do2(Akl)  is  the  "power  spectrum"  of  the  initial 
pulse,    and    since    the    convolution    of    two    functions 


Thus,  the  effect  of  increasing  mean  wind  is  merely  to 
distribute  "power"  from  the  peak  of  the  spectrum  into 
the  wings. 

For  some  initial  pulse  shapes  (e.g.,  rectangular),  the 
"width"  defined  by  the  2nd  moment  does  not  exist. 
The  most  useful  measure,  then,  is  the  "equivalent 
width"  defined  by  6  =  u//penk,  since  /P<.Uk  is  always 
finite,  nonzero.  Using  a  Gaussian  initial  pulse  shape 
with  pulselength  21,  then,  the  equivalent  spatial-fre- 
quency bandwidth  of  the  spectrum  of  the  initial  wave 
is  b0  =  r/l  and  a  rough  estimate  of  the  equivalent  band- 
width b,  of  the  forward-scattered  wave  is 

w/       ml\ 
b.<-[l+— ),     L»U,  (28) 

l\       Lj 

or  equivalently,   in   terms  of  the   temporal -frequency 
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lie.  1.  Normalized  power  spectrum  /  /0  versus  normalized 
wavenumber  difference,  ^kl=  (k—k0)l,  plotted  for  different  values 
of  the  parameter  fi  =  ml  La. 


bandwidth 


><<-(l- 


ml\ 

lJ' 


where  t  is  half  the  pulse  duration,  m  is  the  ratio  of  the 
magnitude  of  the  mean  cross  wind  to  the  equilibrium 
sound  velocity,  and  Lo  is  the  outer  scale  of  turbulence. 
It  is  of  particular  interest  that  neither  the  structure 
constant  C„  nor  the  range  enters  Eq.  28,  except  in  the 
weak  restriction  /„»Z.o. 

Computer-calculated  normalized  values  of  I(k)  as 
given  by  Eq.  13  for  the  particular  case  of  a  rectangular 
pulse  of  half-width  /  are  shown  in  Fig.  1  as  a  function 
of  Akl  for  several  values  of  the  parameter  n  =  tnl/Lo. 
With  increasing  n,  the  peak  decreases  and  the  equiv- 
alent width  increases  linearly.  For  high  values  of 
M,  I(k)  approaches  a  low-intensity  white-noise  spec- 
trum. Typical  acoustic  echo  soundings12  in  the  atmo- 
sphere to  heights  of  1  km  involve,  0.01<m<0.2.  [_I(k) 
is  the  spatial  frequency  spectrum  and  has  units  of 
variance  per  unit  wavenumber.  To  convert  to  the  more 
common  variance  per  unit  frequency  divide  by  Co,  i.e.. 
I{u>)=c<rU{k).-} 

III.  CONCLUSIONS 

For  isotropic  turbulence  moving  with  a  given  mean 
cross  wind,  the  analysis  has  obtained  the  power  spec- 
trum, Eq.  22,  of  the  forward-scattered  solution  as- 
sociated with  an  initial  acoustic  pulse  of  arbitrary 
shape.  In  addition,  Eq.  28  gives  an  estimate  of  the 
broadening  produced  by  the  cross  wind.  The  equivalent 
width  found  in  Eq.  28  is  independent  of  range,  path 
length,   or  strength   of   turbulence,   a   result  of   con- 


siderable   importance    for    the    feasibility    of    acoustic 
Dopplcr  radar. 

It  is  informative  to  rewrite  the  fractional  change  in 
bandwidth  in  Kq.  28  in  the  form,  ml  /.„=  ),„T,  where 
/m  =  »'7„0  is  the  turbulence-induced  modulation  fre- 
quency. Clearly,  the  turbulence,  as  it  drifts  through 
the  beam  with  mean  velocity  w,  induces  a  phase  modula- 
tion on  the  passing  pulse.  This  produces  an  elTet  live 
frequency  modulation  thai  spreads  the  pulse  spectrum. 
(Note  that  the  analysis  used  in  develop  Eq.  28  im- 
plicitly assumes11  that  the  weak  atmospheric  refrac- 
tivity  fluctuations  produce  less  than  one  radian  phase 
modulation  per  eddy.  The  analysis  therefore  is  com- 
parable to  the  narrow-band  I'M  case.  This  assumption 
is  valid  except  for  horizontal  propagation  in  the  first 
few  meters  near  the  ground.)  The  most  effective  eddv 
size  is  the  outer  scale  since  it  produces  the  maximum 
phase  deviation,  an  effect  more  important  for  deter 
mining  the  change  in  bandwidth  than  the  higher  fre- 
quency but  smaller  amplitude-phase  modulation  pro- 
duced by  smaller  eddies  drifting  with  the  same  velocity. 
The  influence  of  smaller  eddies  is  severelv  attenuated 
by  the  K~n'3  decay  of  the  refract ivity  spectrum  shown 
in  Eq.  19  for  k>Lu "'.  Therefore,  the  resulting  spectral 
broadening  depends  only  on  Ln,  the  largest  size  eddy 
in  the  medium.  A  further  most  interesting  result  of 
Eq.  28  is  that  as  the  wave  progresses  through  a  medium 
that  contains  variations  of  the  wind  velocity  and  L0 
(assuming  that  these  changes  occur  smoothly  over 
distance  on  the  order  of  Z.0),  the  total  broadening  of  the 
spectrum  will  depend  primarily  on  the  highest  modula- 
tion frequency,  fm  =  w/L,h  that  the  wave  encounters 
along  its  path. 
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Sonic  booms  produced  by  aircraft  moving  at  supersonic  speeds  apply  moving  loads  to  the  earth's  surface. 
In  deep  water,  a  moving  underwater  pressure  field  is  observed  to  accompany  the  hyperbolic  boom  trace 
sweeping  over  the  surface.  The  pressure  waveform  underwater  near  the  surface  is  almost  identical  to  that 
of  the  N  wave  in  air,  but  it  is  rapidly  smoothed  and  attenuated  with  depth,  typically  becoming  one-tenth 
as  large  at  a  depth  less  than  0.6  of  the  N  wavelength.  Overpressures  may  exceed  background  noise  pressures 
by  factors  of  up  to  100  at  moderate  depths  for  frequencies  between  2  Hz  and  100  Hz,  but  are  less  than 
0.16%  of  pressures  known  to  harm  marine  life  in  single  exposures.  Adequate  quantitative  theories  for  the 
underwater  effect  have  been  developed,  and  have  been  verified  by  scale-model  experiments.  On  land,  which 
is  generally  stratified,  there  are  two  major  effects:  the  "static"  deformation  field  traveling  with  the  surface 
load,  and  air-coupled  Rayleigh  wavetrains  following  each  TV-wave  transient.  The  latter  have  frequencies 
and  amplitudes  determined  by  the  geology  and  the  aircraft  speed.  The  former  has  always  been  the  largest 
effect  in  over  1000  seismograms  recorded  in  field  tests.  Its  amplitude  is  proportional  to  the  sonic-boom 
overpressure.  The  maximum  ground  motion  recorded  was  about  100  times  the  largest  natural,  steady 
seismic  noise  background,  but  was  still  less  than  1%  of  the  accepted  seismic  damage  threshold  for  residen- 
tial structures.  Movement  is  greater  in  soft  ground  than  on  hard  rock,  and  decreases  rapidly  with  depth. 
Present  quantitative  theories  for  the  major  seismic  effects  agree  reasonably  well  with  the  experiments. 
Seismic  forerunner  waves,  which  begin  at  least  7  sec  before  arrival  of  the  sonic  boom,  might  be  exploited  for 
automatic  warnings  to  lessen  the  startle  effect.  Sonic  booms  probably  cannot  trigger  earthquakes,  but  might 
possibly  precipitate  incipient  avalanches  or  landslides  in  exceptional  areas  which  are  already  stressed  to 
within  a  few  percent  of  instability. 


INTRODUCTION 

The  purpose  of  this  paper  is  to  review  and  summarize 
several  studies  made  since  1965  on  the  seismic  and 
underwater  effects  of  sonic  booms.  We  have  not  at- 
tempted to  include  all  research  done  on  these  topics,  but 
we  consider  the  work  reported  here  to  be  sufficiently 
representative  of  present  knowledge  to  support  a 
tutorial  paper. 

There  is  both  theoretical  and  experimental  work  to 
report.  Some  agreement  between  theory  and  experiment 
is  apparent,  but  there  are  also  poorly  explored  areas, 
phenomena  predicted  but  not  yet  observed,  and  im- 
perfectly explained  observations.  Ecological  and  cul- 
tural implications  can  be  surmised  at  this  time,  but 
additional  research  is  clearly  desirable.  This  paper  will 
emphasize  the  phenomena,  the  physical  reasoning 
followed,  the  research  results  obtained,  and  their 
interpretation. 


In  the  interests  of  brevity,  most  mathematical  and 
experimental  details  are  omitted;  these  are  given  in  full 
in  the  original  papers  referenced.  The  several  topics  are 
treated  in  order  of  increasing  complexity:  first,  the 
underwater  effects,  since  deep  water  may  be  considered, 
to  a  first  approximation,  to  be  a  homogeneous  half- 
space  bounded  by  a  flat  surface;  second,  the  seismic 
effects,  wherein  a  layered,  flat  earth  must  often  be  taken 
into  account;  and  finally,  the  little-explored  topic  of 
sonic-boom  effects  upon  incipient  avalanches,  land- 
slides, and  earthquakes  is  briefly  considered. 

I.  UNDERWATER  RESPONSES 

For  an  aircraft  in  flight  over  a  plane  surface,  such  as 
a  smooth  body  of  water,  the  intersection  of  the  Mach 
cone  with  the  interface  is  one  branch  of  a  hyperbola, 
whose  vertex  advances  over  the  surface  with  the  super- 
sonic velocity  of  the  aircraft.  At  the  sides  of  the  hyper- 
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Fie.  I.  Underwater  sound  pressure 
at  various  depths  z'  =  A/m  below  the 
surface,  for  an  A'  wave  (centered  at 
the  abscissa  origin)  of  length  =  100  m, 
M  =  0.80  (from  Cook2). 


DISTANCE    PARALLEL  TO  SURFACE,  METERS 


bola,  the  wave  propagates  obliquely  and  its  speed  tends 
towards  the  speed  of  sound  in  air.  The  overpressure 
waveform  of  the  sonic  boom  at  ground  level  is  nominally 
/V  shaped.  The  length  of  the  /V  wave  is  typically  much 
less  than  the  least  radius  of  the  hyperbolic  trace,  for 
example  100  m  compared  with  8000  m  for  a  Mach  2.7 
flight  at  20-km  elevation.  Therefore  the  assumption  of 
a  plane  A7  wave  of  pressure  traveling  over  the  surface 
is  locally  valid  for  purposes  of  analysis. 

The  air  speeds  of  present  and  planned  supersonic 
aircraft  in  level  flight  are  less  than  1000  m/sec  and 
therefore  are  substantially  less  than  the  speed  of  sound 
in  water  (about  1500  m'sec).  At  speeds  less  than  1000 
m/sec,  the  A7  wave  from  an  aircraft  in  level  flight  has 
an  angle  of  incidence  on  the  water  surface  greater  than 
19°.  This  minimum  angle  of  incidence  is  greater  than 
the  critical  angle  for  the  passage  of  a  sound  wave  from 
air  into  water,  which  is  about  14°.  Each  sinusoidal 
component  of  the  .V  wave  is  therefore  totally  reflected 
from  the  surface  and  is  accompanied  by  a  nonradiating 
pressure  field  in  the  water  having  a  subsonic  phase 
velocity  equal  to  the  aircraft  speed,  whose  amplitude 
decreases  exponentially  with  depth  below  the  surface. 
Such  plane  waves  are  referred  to  as  "inhomogeneous" 
by  Brekhovskikh.1 

A  diving  supersonic  aircraft  can,  of  course,  create 
an  A7  wave  which  arrives  at  an  angle  less  than  the 
critical,  so  that  acoustic  radiation  can  propagate  into 
the  water  to  the  bottom.  Nevertheless,  because  of  the 
large  impedance  mismatch  between  air  and  water,  more 
than  99.8%  of  the  impinging  acoustic  energy  will  still 
be  reflected  back  into  the  air. 


A.  Theory 

The  theory  describing  the  underwater  pressure  field 
from  a  sonic  boom  has  been  worked  out  by  R.  K.  Cook2 
for  the  idealized  case  of  level,  constant-speed  supersonic 
flight  over  a  flat  air-water  interface.  The  general 
procedure  is  use  of  the  Fourier-integral  method  to 
solve  the  Cauchy  problem  posed  by  the  sonic-boom 
penetration  into  water.  The  first  step  is  to  find  the 
reflected  and  refracted  waves  for  an  incident  sinusoidal 
wave.  The  second  step  is  to  find  the  Fourier  transform 
of  the  incident  /Y  wave,  and  so  finally  to  determine  the 
total  reflected  and  refracted  waves  (caused  by  the  N 
wave)  by  linear  superposition  of  the  effects  of  the 
incident  sinusoidal  components. 

The  following  boundary  conditions  apply: 

(1)  the  sound  pressure  is  continuous  across  the  air- 
water  boundary  surface; 

(2)  the  perpendicular  component  of  particle  velocity 
is  continuous  at  the  boundary;  and 

(3)  the  sound  pressure  approaches  zero  at  infinite 
depth  underwater. 

The  complete  exact  solution  consists  of  two  parts,  a 
principal  function  and  a  "spike"  function.  The  latter 
has  (logarithmically)  infinitely  high  positive  pressure 
spikes  just  at  the  surface,  associated  with  the  jump 
discontinuities  of  the  leading  and  trailing  edges  of  the 
A7  wave.  But  the  spike-function  energy  is  less  than 
10-6  of  the  energy  of  the  principal  function. 

The  main  part  J\(x',h)  of  the  underwater  sound 
pressure,  in  a  coordinate  system  moving  at  the  same 
velocity  as  the  incident  A7  wave  on  the  surface,  has  a 
wavefield  which  is  stationary  in  time  in  the  moving 
coordinates.  This  occurs  because  the  incident,  reflected, 
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Fig.  2.  Locations  of  sensors  for  measurements  of  penetration  of  sound  wave  energy  into  water  (from  Waters  and  Glass'). 


and  underwater  wavefields  all  move  in  the  same 
direction  at  the  same  speed  (i.e.,  the  aircraft's  speed). 
The  exact  expression  for  the  principal  wave  function  is 


h     r*«+ry+ 1)1-1 

r/iC^|)  —  log  

2      LA»+fy-l)»J 


+*'  tan-' 


La!-i+(x')'J 


where  xf  is  the  horizontal  distance  from  the  center  of 
the  X  wave,  h=nz'  is  the  normalized  depth  below  the 
surface,  n=(\—Mt/Wi)\  and  z'  is  the  actual  depth 
below  the  surface.  M  is  the  speed  of  the  .V  wave  over 
the  surface,  and  W  is  the  speed  of  sound  in  water.  The 
function  /t  has  an  .V  waveform  just  at  the  surface 
(z'=0)  but  no  infinite  spikes. 

The  total  sound  pressure  is  p„  =  2I\po  (very  nearly, 
except  for  the  spikes)  where  po  is  the  peak  pressure  of 
the  incident  .V  wave.  Plots  of  the  total  underwater 
sound  pressure  as  a  function  of  x',  at  various  depths 
z'  (  =  A/V)  below  the  surface,  are  shown  in  Fig.  1.  The 


total  pressure  is  not  quite  an  odd  function  of  x' .  But, 
practically  speaking,  the  curves  of  Fig.  1  can  be  used 
both  for  the  forward  half  of  the  wavefield  (x'>0,  pw>0) 
and  for  the  trailing  half  (x'<0,  pw<0). 

At  the  surface,  the  function  7i(x',0)  has  the  V  wave- 
form, which  we  referred  to  earlier,  and  therefore 
I\(x',h)  is  the  solution  for  the  sound  pressure  due  to  a 
traveling  pressure  .V  waveform  applied  to  the  surface. 
Sawyers3  has  also  worked  out  the  solution  for  this;  his 
Eq.  13  agrees  with  Ii(x',h).  But  the  spike  function  is 
also  a  part  of  the  complete  underwater  sound  field 
when  the  incident  sonic  boom,  reflected  waves,  and  all 
the  boundary  conditions  are  fully  considered.  Similar 
spikes  may  be  generated  by  sonic  booms  at  atmospheric 
inhomogeneities.4 

The  function  I\{x',h)  spreads  out  underwater  so  as 
to  have  infinitely  long  precursor  and  tail  waves.  This 
comes  about  because  the  sound  field  was  initiated  at 
t=  —  cc  (so  to  speak),  and  so  the  underwater  sound  runs 
ahead  of  the  atmospheric  sonic  boom  to  form  a 
precursor. 
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Fig.  3.  Airborne  pressure  N  wave  due  to  6-grain  dynamite  cap 
(from  Waters  and  Glass*). 


B.  Experiments 

In  contrast  to  the  well-developed  theory  of  the  under- 
water effects  of  sonic  booms,  there  are  few  experimental 
results  to  report.  Only  one  full-scale  experiment  is 
known  to  have  been  performed.5  The  waveforms  re- 
ported with  microphones  at  average  heights  of  1  and 
12  ft  above  the  perturbed  ocean  surface  were  similar, 
but  "quite  different"  from  the  waveform  observed  with 
a  hydrophone  20  ft  deep.  The  hydrophone  signal  was 
also  only  -fa  as  large  in  amplitude,  and  those  from 
deeper  hydrophones  were  weaker  yet.  Unfortunately, 
the  flight  track  of  the  Mach  1.1  aircraft  relative  to  the 
instrument  position  was  not  determined. 

A  number  of  careful  scale-model  experiments  were 
performed  in  a  flooded  rock  quarry  by  Waters  and 
Glass.6  The  sensors  were  suspended  from  a  steel  cable 
spanning  the  quarry,  and  the  sound  pulse  from  the 
explosion  of  a  6-grain  electric  blasting  cap  was  used 
to  simulate  the  traveling  sonic  boom,  in  the  manner 
illustrated  in  Fig.  2.  The  angle  of  incidence  of  the  wave 


upon  the  smooth  water  surface  varied  with  horizontal 
position;  two  of  the  many  positions  of  the  sensor  arrav 
used,  corresponding  to  sonic  booms  generated  at  from 
Mach  1.2  to  Mach  1.5,  are  shown  in  Fig.  2. 

The  special  condenser  microphones  used  had  good 
response  from  0.1  Hz  to  10  kHz  and  were  linear  up  to 
pressure  amplitudes  of  10  lb/ft2.  The  hydrophones  used 
responded  down  to  10  Hz.  Signals  were  recorded  on 
magnetic  tape  with  a  passband  of  0  to  10  kHz,  and  were 
subsequently  reproduced  at  reduced  tape  speed  for  good 
oscillograph  response.  Several  methods  of  calibration 
were  employed,  and  absolute  pressure  measurements 
were  considered  correct  within  ±2  dB. 

The  explosion  provided  a  reasonably  good  approxi- 
mation to  an  A'  wave,  as  shown  in  Fig.  3,  except  that 
its  duration  was  only  1%  of  that  of  a  sonic-boom  .V 
wave.  This  reduction  in  the  time  scale  was  appropriate 
and  necessary  because  of  the  limited  size  of  the  model. 
The  underwater  signals  agreed  fairly  well,  in  both 
amplitude  and  waveform,  with  the  predictions  of 
Sawyers's  or  R.  K.  Cook's  theory,  as  shown  in  Fig.  4 
and  Table  I. 

There  were  interferences  peculiar  to  the  model  which 
would  not  apply  to  a  full-scale  experiment  at  sea.  These 
were  later  echoes  from  the  bottom  and  sides  of  the 
quarry,  and  weak  but  earlier  arrivals  refracted  into  the 
water  at  less  than  the  critical  angle,  as  would  be 
expected  from  Fig.  2.  It  was  also  observed  that  an 
inner-tube  float  above  the  hydrophones  radiated  a 
second,  later  signal  into  the  water.  From  this  it  is 
surmised  that  sonic-boom  recordings  made  with  hydro- 
phones suspended  below  a  ship  will  be  similarly 
distorted. 

C.  Implications 

The  model  experiments  indicate  that  the  present 
theories  are  useful  for  describing  the  traveling  pressure 


ntssMf 

iib/tt'i 


THEORETICAL  PREDICTION 


06     — 
0  4- 


H2 


H3 


02     - 

00 


H4    oo 


-        -o.t  -  - 


1 1 1 1 1 II 1 1  III  1 1 1 1 1 1 

S  10  19  2 

TIME  SCALE  |miec| 


EXPERIMENTAL  MEASUREMENT 
Mill 

saris 


-        -O.t-  - 


-        o.t-- 


o.o  ■  -4  //VM 


Fig.  4.  Comparison  between  theo- 
retical prediction  and  experimental 
measurement  of  penetration  of  sound 
wave  energy  into  water,  shot  25  (from 
Waters  and  Glass6). 


\/WWV\^ViAAAMA/W\A 

TIME  SCALE  |mmc| 


732        Volume  51         Number  2  (Part  3)         1972 


12 


SEISMIC     AND     UNDERWATER     RESPONSES     TO     BOOMS 
Table  I.  Summary  of  peak  amplitudes  (from  Waters  and  Glass'). 


Shot 

Distance 

Mach 

Measured 

Measured 

Depth 

Peak  pressure  amplitude  (lb/ft') 

number 

(ft) 

number 

Pi  (lb/ft») 

T  (msec) 

(ft) 

Measurec 

Predicted 

12 

25 

1.66 

6.2 

1.22 

1.2 
2.2 
4.2 

0.78 
0.22 
0.10 

1.63 
0.63 
0.19 

13 

30 

1.41 

5.6 

1.42 

1.3 
2.3 
4.3 

0.56 
0.16 
0.06 

0.78 
0.29 
0.09 

14 

35 

1.32 

5.9 

1.54 

1.5 
2.5 

4.5 

0.29 
0.11 
0.07 

0.28 
0.11 
0.03 

IS 

40 

1.25 

5.3 

1.54 

1.6 
2.6 
4.6 

0.28 
0.07 
0.04 

0.46 
0.19 
0.06 

6 

45 

1.20 

5.4 

1.42 

1.7 
2.7 
4.7 

0.18 
0.08 
0.04 

0.37 
0.16 
0.05 

16 

50 

1.17 

4.2 

1.50 

1.9 
2.9 
4.9 

0.16 
0.04 
0.02 

0.21 
0.09 
0.03 

17 

55 

1.14 

3.1 

1.46 

2.0 
3.0 
5.0 

0.12 
0.03 
0.02 

0.13 
0.06 
0.02 

18 

60 

1.12 

3.9 

1.43 

2.1 
3.1 
5.1 

0.19 
0.05 
0.02 

0.39 
0.19 
0.07 

field  generated  underwater  by  a  sonic  boom.  The  general 
conclusion  is  that  the  X  wave  is  rapidly  smoothed  and 
attenuated  with  depth,  typically  being  reduced  to 
one-tenth  of  its  amplitude  at  the  surface  at  a  depth  of 
a  few  tens  of  feet. 

A  beginning  has  been  made  toward  interpreting 
underwater  sonic-boom  effects  in  ecological  terms,  by 
comparing  the  underwater  pressure  spectra  of  typical 
sonic  booms  with  those  of  normal  ambient  noises,  in  sea 
state  3  (moderate  waves)  and  heavy  ship  traffic. 
Figure  5  is  typical  of  the  results,8  which  show  that  sonic 
boom  pressures  can  be  expected  to  exceed  the  ambient- 
noise  pressures  (momentarily)  by  up  to  50  dB,  from 
the  surface  down  to  depths  of  a  few  hundred  feet,  be- 
tween frequencies  of  0.5  to  a  few  hundred  Hz.  The 
particle  displacements  are  less  than  0.05  mm.  It  is  clear, 
that,  according  to  the  treatment  of  Waters  and  Glass,6 
all  sea  life  in  the  continental  shelf  regions,  all  plankton 
and  other  organisms  in  the  near-surface  illuminated 
zone,  as  well  as  the  organisms  of  the  worldwide  "deep 
scattering  layer"  when  they  rise  to  the  surface  at  night, 
will  be  subjected  to  a  detectable  amount  of  momentary 
overpressure  from  the  passage  of  a  sonic  boom. 

However,  experiments  in  clear  seawater  with  electric 
"sparker"  underwater  seismic  pulse  sources  have  shown 
that  the  most  sensitive  small  fish  (anchovies,  menhaden) 
are  not  stunned  outside  a  radius  of  1  m  from  the  spark,7 
at  which  distance  the  peak  sound  pressure  in  a  passband 
of  20  to  100  Hz  is  1  bar,  or  2100  lb/ft1.  This  value  is  at 


least  600  times  the  peak  overpressure  of  typical  sonic 
booms.  Experiments  with  explosive  charges  have  shown 
that  oysters,  blue  crabs,  and  shrimp  are  less  vulnerable 
than  fish.8  The  clear  inference  is  that  typical  sonic 
booms  will  not  harm  these  organisms. 

n.  SEISMIC  RESPONSES 

The  effects  of  sonic  booms  upon  solid  ground  are 
similar  in  only  one  respect  to  those  upon  liquid  water: 
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Fig.  5.  Comparison  of  underwater  sound-pressure  spectrum 
levels  for  sonic  boom  and  ambient  noise,  case  (1)  (from  Waters 
and  Glass'). 
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Fig.  8.  Seismic  coupled  waves  from  a  sonic  boom  (from  Espinosa  el  al.u). 


and  complicated.  Briefly,  they  include  trapped  or  leaky 
mode  expressions,  expressions  related  to  the  singu- 
larities, and  line  integrals  which  give  the  static  solution 
as  the  load  speed  goes  to  zero.  The  speed  of  the  aircraft 
relative  to  the  seismic  shear  (5)  and  compressional  (P) 
velocities  in  the  underlying  half-space  (the  basement 
rock)  determines  which  modes  are  possible  and  the 
extent  to  which  each  contributes  to  the  total  deforma- 
tion. There  are  three  cases: 

(1)  When  the  aircraft  speed  is  less  than  the  5  velocity 
of  the  half-space,  the  solution  includes  the  trapped 
modes,  a  solution  similar  to  the  load  distribution  and 
the  line  integral  contribution. 

(2)  When  the  aircraft  speed  is  between  the  S  and  P 
velocities  of  the  half-space,  the  solution  is  similar  except 
that  leaking  modes  replace  the  trapped  modes  and 
energy  is  radiated  into  the  basement  rock. 

(3)  In  the  case  of  the  aircraft  speed  being  greater 
than  the  P  velocity  of  the  half-space,  the  line  integral 
disappears  and  only  the  leaky  modes  and  a  delayed 
version  of  the  load  pulse  remain. 

Dunkin  and  Corbin"  have  calculated  curves  of 
frequency  and  amplitudes  as  functions  of  the  aircraft 
speed  and  the  depth  for  a  particular,  simple  case  of  a 
single  low-velocity  layer  overlying  a  homogeneous  half- 
space.  They  also  present  calculated  velocity  waveforms 
for  various  depths  and  aircraft  speeds,  for  both  vertical 
and  horizontal  in-line  ground  motions.  Unfortunately, 
none  of  these  results  can  be  compared  with  available 
experimental  data,  because  the  aircraft  speeds  chosen 
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were  too  high,  and  correspond  to  cases  2  and  3  described 
above.  All  the  experiments  to  be  described  correspond 
to  case  1,  or  else  involve  more  than  one  layer.  Also,  the 
Dunkin  and  Corbin  waveforms  assume  a  single  line 
load,  whereas  sonic-boom  .V  waves  apply  two  in 
succession. 

B.  Experiments 

Some  of  the  first  substantial  measurements  of  ground 
motion  from  sonic  booms  were  those  of  Espinosa,  Sierra, 
and  Mickey.12  An  array  of  ten  seismographs,  some 
275  m  in  length,  including  a  three-component  set,  was 
used  near  the  Cape  Kennedy  missile  launching  area.  At 
least  two  sonic  booms  were  observed  to  produce  strong 
air-coupled  seismic  wavetrains.  An  example  is  shown 
in  Fig.  8.  The  predominant  frequencies,  interpreted  as 
trapped  Rayleigh  waves,  when  combined  with  seismic 
velocity  data  for  the  area,  provided  two  predicted  values 
of  surface-layer  thickness  which  correspond  reasonably 
well  to  values  measured  by  a  seismic  survey.  The  high- 
frequency  signals  were  identified  as  higher  normal 
seismic  modes.  Unfortunately,  in  these  experiments, 
narrow-band  seismographs  responding  only  from  about 
0.2  to  20  Hz  were  used,  so  that  the  major  effects  in  the 
audible  frequency  range  were  not  recorded.  [In  a  later 
short  study,  the  band  was  extended  to  80  Hz;  see 
A.  F.  Espinosa  and  W.  V.  Mickey,  Acustica  20,  88-91 
(1968).]  There  is  also  a  lack  of  data  on  the  speeds, 
climbing  attitudes,  and  flight  tracks  of  the  aircraft,  and 
also  of  high-resolution  acoustic  recordings,  all  of  which 
are  needed  for  a  complete  interpretation  of  seismic  data. 
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Fie.  9.  Relation  of  maximum 
overpressure  for  XB-70  overflights 
to  peak  earth  particle  vertical 
velocity  observed  on  a  clay  lake 
bed  (from  Cook  and  Goforth"). 
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For  this  reason,  only  a  limited  interpretation  was 
attempted. 

Espinosa,  Sierra,  and  Mickey  point  out  two  important 
facts:  First,  a  diving  aircraft  can  produce  an  acoustic 
wave  traveling  along  the  ground  at  up  to  infinite  speed; 
for  example,  a  wave  speed  of  100000  m/sec  will  result 
from  a  50°  dive  at  only  Mach  1.3.  Second,  alluvium  and 
other  soft  or  loose  earth  materials  may  move  much  more 
than  hard  rock  in  response  to  a  sonic  boom. 

The  most  extensive  experimental  data  now  available 
are  those  of  McDonald  and  Goforth."  l4  Altogether, 
178  level  overflights  on  prescribed  flight  tracks  were 
monitored,  chiefly  at  Edwards  Air  Force  Base  (EAFB), 
California.  Four  kinds  of  aircraft  were  used,  the  B-58, 
F-104,  SR-71,  and  XB-70.  Speeds  were  between  Mach 
1.3  and  2.5,  and  altitudes  were  5  to  18  km.  The  17 
flights  by  the  XB-70  are  of  greatest  interest,  since  the 
size  of  this  plane  (57.1  m  long,  136+tons)  most  nearly 
approaches  that  of  an  SST. 

Five  identical  velocity-sensing  seismographs  were 
used,  with  a  frequency  response  flat  to  ±1  dB  from 


1  to  100  Hz.  The  seismometers  used  have  been  shown 
to  be  free  of  spurious  resonances  below  100  Hz,  and  to 
be  unaffected  by  air  pressure  transients,  especially  when 
buried.  The  system  was  calibrated  daily.  Both  Visi- 
corder  and  magnetic  tape  recordings  were  made.  Three 
of  the  seismographs  were  used  as  a  three-component  set 
directly  under  the  usual  flight  track,  buried  1  m  deep  in 
the  clay  of  a  small  playa  (dry  lake  bed).  Vertical 
seismometers  were  buried  also  at  other  positions  on  the 
playa,  and  on  a  nearby  outcrop  of  the  quartz  monzonite 
basement  rock.  NASA  microphones  were  provided  at 
each  seismometer  location  to  record  the  air  overpressure 
signals.  Radar  tracking  of  the  aircraft  and  meteorology 
were  also  provided.  Eight  B-58  missions  were  flown  over 
Tonto  Forest  Seismological  Observatory  (TFSO),  a 
government  seismic  observatory  in  Arizona,  where  a 
seismometer  array  9  km  wide  is  available  to  study 
energy  distribution  outside  and  inside  the  sonic-boom 
hyperbola  and  possible  focusing  effects  at  the  axis. 
Three  B-58  missions  were  also  flown  over  Uinta  Basin 
Seismological  Observatory  (UBSO),  a  seismic  observa- 
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Fig.  10.  Variation  of  seismograms  recorded  on  rock  with  different  types  of  aircraft  (from  McDonald  and  Goforth"). 


tory  in  Utah  where  seismometers  were  available  at 
various  depths  in  a  sealed  deep  well,  to  study  attenua- 
tion with  depth.  These  locations  also  afforded  geology 
different  from  that  at  EAFB. 

The  seismograms  shown  in  Fig.  6  are  typical  of  most 
of  more  than  1000  which  were  made.  In  all  cases,  the 
greatest  particle  velocities  occurred  in  the  two  sharp 
downward  peaks  which  coincided  with  the  front  and 
rear  of  the  air  .V  wave.  The  vertical  velocity  was  always 
greatest,  the  radial  (in-line)  component  averaged  two- 
thirds  as  great,  and  the  transverse  one-third  as  great. 
Regardless  of  aircraft  type,  the  maximum  particle 
velocity  was  roughly  proportional  to  air  overpressure, 
as  is  shown  in  Fig.  9  for  the  XB-70  flights.  For  the  same 
sonic  boom  (and  same  overpressure),  the  peak  particle 
velocity  observed  on  the  rock  outcrop  averaged  only 
two-thirds  that  observed  on  the  lake  bed  clay,  as  ex- 
pected.12 The  seismograms  recorded  on  the  rock  were 
also  simpler,  being  nearly  free  of  the  prolonged  air- 
coupled  wavetrains  present  on  the  clay,  as  can  be  seen 
by  comparing  Figs.  10  and  11.  This  result  is  in  accord- 
ance with  theory.  It  was  found  that  the  recorded  wave- 
forms varied  considerably,  and  in  a  complicated  manner, 
in  different  geological  environments  (Fig.  12).  At  a 
given  location,  the  frequencies  of  the  air-coupled 
Rayleigh  waves  varied  with  aircraft  speed.  This  too 
would  be  expected  from  theory. 

Forerunner  waves  were  always  seen  at  high  gain 
settings.  These  waves  had  frequencies  of  the  order  of 


2  Hz,u  amplitudes  around  5  to  10  /i/sec,  and  began  as 
much  as  7  sec  before  the  arrival  of  the  sonic  boom.  They 
are  tentatively  attributed  to  seismic  body  waves 
propagated  through  the  ground  in  advance  of  the 
hyperbolic  trace,  at  speeds  as  great  as  Mach  20,  the 
speed  of  P  waves  in  hard  rocks. 

No  evidence  was  seen  of  large  ground  motions  caused 
by  "focusing,"  that  is,  meeting  of  reinforcing  wave- 
trains  from  the  two  arms  of  the  hyperbola  at  its  axis. 
This  is  probably  a  consequence  of  attenuation  over  the 
hundreds  of  meters  separating  each  arm  from  the  axis, 
since  according  to  Fig.  11  the  coupled  wavetrains  die 
out  in  about  0.2  sec,  corresponding  to  about  80  m  of 
travel.  Outside  the  hyperbola,  at  a  lateral  distance  of 
32  km  from  the  flight  trace,  TFSO  equipment  recorded 
a  maximum  particle  velocity  only  17%  of  that  on  the 
flight  axis.  Also,  there  was  evidently  rapid  vertical 
attenuation  at  UBSO.  At  a  depth  of  13.4  m,  the  maxi- 
mum particle  velocity  was  only  1.3%  of  that  at  the 
surface. 

C.  Implications 

The  largest  sonic-boom  effect  measured  for  present 
supersonic  aircraft  in  level  flight  at  normal  altitudes 
was  a  vertical  ground  velocity  of  340/i/sec  at  a  fre- 
quency around  90  Hz,  caused  by  a  sonic-boom  over- 
pressure of  2.5  lb/ft2.  This  value  is  equivalent  to  the 
ground  vibration  caused   by  automobiles  passing  at 
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Fig.  11.  Variation  of  seismograms  recorded  on  clay  layer  with  different  types  of  aircraft  (from  McDonald  and  Goforth"). 


30  mph,  30  ft  away  on  a  paved  road.14  It  amounts  to 
less  than  1%  of  the  seismic  damage  threshold  for 
residences  established  by  the  U.  S.  Bureau  of  Mines,15 
which  is  2.0  in. /sec  or  50  800  p/ sec.  Seismic  damage  to 
structures  as  a  result  of  even  very  strong  sonic  booms 
would  probably  be  negligible  compared  to  air-blast 
effects,  since  by  a  rather  large  extrapolation,  over- 


pressures of  5200  lb/ft2  would  be  required  to  reach  the 
seismic  damage  threshold.  Underground  effects  of  sonic 
booms  at  present  aircraft  speeds  are  essentially  confined 
to  the  top  few  meters  of  the  ground,  and  decrease 
rapidly  with  depth,  as  expected  from  theory.9"16  For 
aircraft  speeds  above  perhaps  2  km/sec  (Mach  6.5), 
this  conclusion  may  no  longer  hold. 


AP.8.20     KG/M2  PEAK  VEL« 218.5  p/SEC 

AT. 0.170  SEC 


iAP  =  947      KG/M2    "  PEAK  VEL.230.4p/SEC 

AT  =  0.I75SEC 


0.1  SEC 
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LOCATION  63 
TFSO 
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„„      2  PEAK  VEL-I50.4U/SEC 

AP.7.91      KG/M^  /\ 

AT  =  0.198  SEC 


0.1  SEC 


UBSO 


0.1    SEC 
Fie.  12.  Variation  of  seismograms  with  variation  of  geological  properties  (from  McDonald  and  Goforth"). 
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Theoretically,  there  should  be  no  transverse  motion 
(along  the  hyperbolic  trace),  but  transverse  velocities 
about  one-third  as  large  as  the  vertical  component  are, 
in  fact,  observed.  These  velocities  are  attributed  to 
departures  of  the  natural  earth  from  the  simple  layered 
half-space  model  assumed. 

The  seismic  forerunner  signal  can  be  as  much  as  20  dB 
stronger  than  ambient  seismic  noise  in  quiet  rural 
locations.  There  may  be  a  possibility  that  it  could  be 
reliably  and  automatically  identified,  perhaps  by  the 
presence  of  a  single  autocorrelation  peak  at  a  lag  time 
equal  to  the  length  of  the  .Y  wave,  or  by  array  correla- 
tion methods.  If  so,  automatic  local  warning  of  an 
approaching  sonic  boom  by  several  seconds,  to  lessen 
the  startle  effect  on  people  and  livestock,  would  be 
feasible.  There  is  evidence  that  people  and  animals  soon 
learn  to  ignore  harmless  explosions  when  a  gentle 
warning  is  consistently  given. 

III.  SECONDARY  EFFECTS 

From  time  to  time,  questions  have  been  raised  as  to 
the  possibility  that  avalanches,  landslides,  earthquakes, 
and  other  catastrophic  releases  of  stored  natural  energy 
could  be  triggered  by  sonic  booms.  Some  light  may  be 
shed  on  this  question  by  comparing  the  earth  vibrations 
induced  by  sonic  booms  with  those  from  other  sources 
to  which  the  stored-energy  system  may  be  subjected, 
and  the  stress  required  to  overcome  restraining  effects 
in  appropriate  stored-energy  systems. 

Triggering  of  earthquakes  by  sonic  booms  is  con- 
sidered quite  unlikely,  because  earthquake  foci  are 
located  at  depths  of  at  least  1  km,  far  below  the  effective 
penetration  depth  of  sonic  booms. 

The  literature17  indicates  that  natural  seismic  noise 
levels  in  the  20-100-Hz  frequency  band  most  prominent 
in  sonic-boom  seismograms  are  practically  never  larger 
than  1%  of  the  340^/sec  level  measured  for  sonic 
booms.  From  this  standpoint,  sonic-boom  vibrations 
may  rank  beside  those  of  nearby  railroads18  and  earth- 
quakes, as  a  possible  triggering  agency  for  avalanches 
and  landslides. 

Defining  or  measuring  the  approach  to  disequilibrium 
of  possible  slide  or  avalanche  areas  is  a  complex  mat- 
ter. 18'1'  However,  for  the  beginning  of  separation  of  the 
sliding  mass  to  occur,  differential  movement  between 
adjacent  masses  must  occur,  sufficient  to  overcome 
restraining  friction  or  adhesion.  The  total  ground  move- 
ment occurring  in  typical  sonic  booms  is  less  than  %  /». 
This  movement  may  occur  over  a  rise  time  of  perhaps 
1  msec  (see  microphone  waveforms  in  Fig.  12),  so  that 
the  horizontal  gradient  of  vertical  strain  is  less  than 
lp/m  for  earth  or  rock  materials.  In  lower  density 
materials  such  as  snow,  the  shear  strain  could  reach 
perhaps  10  n/m.  The  corresponding  shear  stresses  and 
approximate  shear  strengths  of  some  representative 
slide  materials  are  shown  in  Table  II20;  (here  the  shear 
stress  =  strain X shear  elastic  modulus). 


Table  II 

Sonic-boom  stress  effects. 

Material 

Assumed 
strain 

Shear 

stress, 

psi 

Shear 

strength, 

psi 

Ratio 

Wind-hardened  snow" 

Stiff  clay 

Brecciated  limestone* 

10-' 

io-« 
io-« 

5.6 
3 

100 
S0(?) 
1,130 

5.6% 
2% 
0.26% 

>S«c  p.  19  of  Ref    18. 


Although  the  values  of  all  numbers  given  in  Table  II 
may  be  correct  only  to  within  an  order  of  magnitude, 
the  conclusion  may  be  drawn  that  sonic  booms  will 
seldom  contribute  more  than  a  few  percent  of  the  stress 
required  to  start  a  landslide  or  avalanche.  The  remain- 
der must  already  have  developed  from  other  causes. 

It  is  obvious  that  field  research  on  the  effects  of  sonic 
booms  in  areas  prone  to  avalanches  and  landslides 
should  be  done.  (One  unsuccessful  study  has  already 
been  reported.21)  We  hope  that  our  preliminary  surmises 
will  stimulate  careful  quantitative  studies  of  these 
effects. 
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Acoustic  Ray  Paths  through  a  Model  Vortex  with  a  Viscous  Core 

T.    M.    (iKORGKS 
/On  iron  mental  Research  Laboratories,  National  Oceanic  and  Atmospheric  Administration,  Houlder,  Colorado  S03<l> 


Annular  deflection  and  the  formation  of  a  line  caustic  are  examined  for  acoustic  rays  passing  through  a 
cylindrical  vortex  with  a  viscous  core.  Ray  paths  arc  displayed  in  normalized  form  and  appear  to  he  applica- 
ble to  the  aircraft-wake  problem  as  well  as  to  longdistance  sound  propagation  through  synoptic  weather 
features. 


Interest  in  acoustic  propagation  through  cyclonic 
wind  fields  arises  from  at  least  two  problems:  the  de- 
tection and  diagnosis  of  aircraft-wake  vortices,  and  the 
effects  of  cyclonic  weather  features  on  the  propagation 
of  sound  (and  infrasound)  over  long  distances  in  the 
earth's  atmosphere.  The  details  of  acoustic  wave  propa- 
gation through  all  but  a  few  simple  wind  and  tempera- 
ture fields  defy  analysis  in  closed  form;  however,  useful 
propagation  information  can  usually  be  derived  from 
ray-path  calculations  using  geometrical  acoustics,  pro- 
vided the  medium  is  "slowly  varying"  with  respect  to 
the  sound  wavelength.  This  note  briefly  reviews  what  is 
already  known  about  acoustic  ray  propagation  through 
vortices  and  displays  some  ray  paths  through  some  more 
realistic  models  calculated  with  a  three-dimensional 
acoustic  ray-tracing  program. 

Lindsay1  apparently  first  calculated  acoustic  ray 
paths  through  a  vortex,  using  a  simple  line  vortex  as  a 
model,  in  which  peripheral  velocity  decreases  as  1/V 
from  the  center  (and  where  the  vorticity  VXv  is  zero 
everywhere  except  along  the  vortex  axis).  He  obtained  a 
differential  ray  equation  but  integrated  it  analytically 
only  for  the  case  of  flow  velocities  that  are  small  com- 
pared to  the  sound  speed.  His  results  took  the  form  of 
formulas  for  the  influence  of  the  vortex  on  the  relative 
times  of  arrival  of  a  plane  wavefront  at  pairs  of  points  in 
the  velocity  field,  but  he  did  not  illustrate  the  ray  paths. 
Salant2  derived  a  ray  equation  applicable  to  two- 
dimensional  rotating  flows  with  arbitrary  radial  varia- 
tions of  peripheral  velocity  and  refractive  index.  He 
solved  it  for  ray  paths  in  a  rigid-body  How  and  for  a  line 
vortex,  both  with  constant  sound  speed,  and  demon- 
strated that  certain  rays  become  "trapped"  in  the 
vortex  center.  Some  ray  paths  were  shown  for  each 
case. 
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The  existence  of  a  pure  line  vortex  (or  "potential 
vortex")  is  physically  impossible  because  its  tangential. 
velocity  and  velocity  gradient  approach  infinity  along 
its  axis.  In  real  fluids,  molecular  and  eddy  viscosity  act 
to  prevent  discontinuities  in  the  flow,  and  require  the 
tangential  speed  at  the  vortex  center  to  approach  zero. 
Furthermore,  viscosity  acts  to  dissipate  the  vortex  in 
time. 

Eskinazr1  gives  the  velocity  field  of  a  "viscous  line 
vortex," 

r.-  (r„/27rr)[l-exp(-r74W)],  (1) 

where  v  is  a  coefficient  of  viscosity,  r  is  the  radius  from 
the  vortex  axis,  To  is  the  value  of  the  vortex  circulation 


r(r,0 


Jo 


v,(r,l)ilB 


initially  concentrated  at  the  vortex  center,  and  /  is  the 
time  from  the  instant  of  vortex  generation.  Close  to  the 
center  (r—  »0),  Eq.  1  describes  a  nearly  rigid-body 
rotation,  while  at  large  r  (and  small  /)  the  velocity  field 
approaches  '.hat  of  a  line  vortex.  The  velocity  distribu- 
tion is  illustrated  in  Tig.  1,  in  normalized  form. 

Recognizing  that  the  radius  of  maximum  velocity  (r0) 
is  given  by  ^  r,l74w=  1.26, 

and  that  the  velocity  there  is 

i',IB=().716r0/2Tr0, 

we  can  rewrite  the  formula  for  v$  in  normalize* 
that  no  longer  explicitly  contains  v,  To,  or  /: 

r-1.26r2 


form 
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r/r0 

Flo.  I.  Velocity  field  of  a  viscous  vortex. 


(The  numerical  constants  arise  from  the  solution  of  a 
transcendental  equation.)  The  core  diameter  depends  on 
the  viscosity  and  the  time  after  formation:  For  a  lime 
of  KM)  sec  and  a  value  of  v  appropriate  to  the  kinematic 
molecular  viscosity  of  air  at  the  earth's  surface,  /•„  is 
about  17  cm,  independent  of  I'„.  There  are  observational 
indications  that,  for  aircraft  wakes,  the  core  diameter  is 
considerably  larger,  perhaps  a  few  meters,  only  seconds 
after  aircraft  passage,  indicating  that  eddy  viscosity 
probably  determines  core  size.  (In  this  case,  however, 
turbulent  fluctuations  may  affect  the  ray  paths  to  the 
same  degree  as  the  mean  flow.) 

Examination  of  atmospheric  cyclonic  features  of 
synoptic  scale  suggests  that  a  similar  model  may 
qualitatively  describe  their  wind  fields;  there,  however, 
the  "core"  dimensions,  usually  measured  in  hundreds  or 
thousands  of  kilometers,  are  determined  not  by  vis- 
cosity, but  by  scales  of  planetary  waves  (see,  for  ex- 
ample, the  Tropopausc  Wind  Analysis  charts  published 
daily  by  (he  National  Weather  Service). 

We  will  show  that  the  inclusion  of  such  a  rigid-body 
core  drastic  ally  modifies  the  acoustic  ray-path  geometry. 

Within  the  framework  of  ray  theory,  the  geometrical 
ray  configuration  for  a  given  refractive  index  field  is 
invariant  with  respect  to  a  change  of  spatial  scale. 
(Reference  to  Shell's  law  makes  this  intuitively  reason- 
able.) Therefore,  if  we  calculate  a  ray  path  through  a 
vortex  described  by  Kq.  1,  the  result  will  apply  as  well  to 
all  vortices  of  this  kind  that  have  the  same  value  of 
ttm  <■  In  other  words,  we  only  need  In  vary  Vim/c  in 
order  to  obtain  a  set  of  ray  geometries  applicable  to  all 
possible  vortices  described  by  Kq.  1.  The  values  chosen 
here  as  representative  are  1   20,  j^,  {,  and  3. 


The  ray  paths  illustrated  in  Fig.  2  were  calculated 
using  a  digital  computer  program  for  acoustic  ray 
tracing  through  wind  and  temperature  fields  with  arbi- 
trary three-d.imensional  variability.  The  program,'  an 
adaptation  of  the  ionospheric  radio  ray-tracing  program 
of  Jones,4  numerically  integrates  the  so-called  Hasel- 
grove''  equations  which  describe  ray .  trajectories  in 
inhomogeneous  anisotropic  media  in  Hamiltonian  form. 
The  Haselgrove  equations  require  the  specification  of 
the  medium  in  terms  of  a  refractive  index  held,  which, 
in  our  case,  is 


/i(r)sfi/B=f,[(+v(r)'ii]  ', 


(•?) 


where  cu  is  some  reference  speed,  r  is  the  local  sound 
speed  in  a  frame  moving  with  the  fluid,  n  is  a  unit 
vector  along  the  wave  normal,  01  is  the  angular  wave 
frequency,  and  v  is  the  vector  wind  field,  (We  assume 
that  the  temporal  changes  described  by  Kq.  1  occur  very 
slowly  compared  to  the  time  for  wave  transit.) 

Figure  2,  then,  shows  a  set  of  ray  paths  for  the  four 
values  of  v$m/c.  Only  the  parallel  ray  geometry  repre- 
senting an  incident  plane  wave  is  calculated;  however, 
because  of  cylindrical  symmetry  of  the  wind  field,  the 
configuration  due  to  a  point  source  at  any  distance  can 
be  readily  obtained  by  rotating  ray  paths  about  the 
vortex  center,  until  they  all  converge  at  the  desired 
"source"  point.  A  similar  procedure  could  be  used  to 
obtain  the  ray  paths  through  a  vortex  pair,  if  the  cores 
do  not  interact. 

It  should  be  mentioned  that,  because  the  ray  paths 
are  not  reciprocal  in  the  presence  of  winds,  one  cannot 
retrace  a  ray  back  along  the  same  path  to  the  source. 
The  correct  return  path  can  be  estimated,  again,  by  a 
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,/C  =  1/20 


./C--  1/10 


I'lG.  2.  Acoustic  ray  paths  through  a  viscous  vortex  (spatial  scale  is  arbitrary).  The  circle  of  arrows  indicates  r0. 


ray-rot  al ion  process.  Note  also  thai  ray  theory  tells  us 
only  about  the  geometrical  paths  that  satisfy  Fermat's 
principle  and  nothing  about  incoherent  scattering  and 
diffraction  phenomena,  which  would,  however,  surely 
affect  waves  of  finite  wavelength.  We  would  expect  the 
ray  interpretation  to  break  down  and  incoherent  scat- 
tering to  be  significant  when  the  acoustic  wavelength 
begins  to  approach  r0  in  size. 

Because  the  velocity  field  described  by  Eq.  1  is  axially 
invariant,  the  axial  component  of  the  wavenumber  re- 
mains constant,  and  these  plots  also  represent  pro- 
jections, on  a  plane  normal  to  the  axis,  of  rays  launched 
at  any  angle  with  the  axis. 

A  qualitative  explanation  of  the  ray  behavior  is  pos- 
sible in  terms  of  the  acoustic  ray  equation  derived  by 
Landau  and  Lifshitz6  for  a  homogeneous  fluid  in  steady 
motion 

c(r/s/<//)=-sX(VXv),  (4) 

valid  to  first  order  in  v/c.  Here  s  is  a  unit  vector  tangent 
to  the  ray  path,  and  /  is  length  measured  along  the  ray. 
Evidently,  no  ray  deviation  occurs,  to  first  order,  in  the 
curl-free  region  outside  the  vortex  core;  the  small 
deviations  illustrated  (which  do  not  depend  on  the  ap- 
proximation j  v;«c)  are  apparently  due  to  higher-order 
effects  and  to  the  small  vorticily  present  outside  the 


core  where  it  blends  with  the  line-vortex  field.  Inside  the 
core,  vorticity  is  nearly  constant  and  the  amount  of  ray 
bending  depends  mainly  on  the  length  of  the'  ray  path 
inside  the  core.  The  sign  of  the  deviation  predicted  by 
Eq.  4  agrees  with  the  ray  plots. 

One  obvious  effect  of  the  vortex  on  the  rays  is  angular 
deflection  ;  this  effect  is  plotted  in  Fig.  3,  as  a  function  of 
the  distance  of  the  ray  from  a  "head-on"  course  and  the 
value  of  vtm/c.  The  largest  ray  deviation  is  suffered  by 
the  head-on  ray,  which  also  passes  through  the  vortex 
axis,  and  which,  incidentally,  always  maintains  a  radial 
wave  vector.  Rays  do  not  become  "trapped"  in  a  viscous 
vortex  unless  vgm/c>  1,  which  is  physically  unlikely.  As 
y  — *  oo ,  the  angular  deflection  asymptotically  approaches 
zero. 

Another  notable  effect  is  that  the  rays  that  pass 
through  the  upper  half  of  the  vortex  form  a  line  caustic, 
whose  location  varies  with  i<em/c.  In  the  vicinity  of  such 
a  caustic,  the  acoustic  intensity  is  greatly  enhanced 
(though  the  degree  of  enhancement  can  be  calculated 
only  through  full-wave  analysis) ;  a  corresponding  region 
of  depleted  acoustic  intensity  is  evident  just  below  the 
caustic. 

It  is  important  to  note  that,  in  the  presence  of  winds, 
the  speed  and  direction  of  acoustic  energy  (ray)  propa- 
gation do  not  generally  coincide  with  the  speed  and 
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KAY     I*  AT  IIS     THROUGH     A     VISCOUS     VORTEX 


Kic.  3.  Angular  {(election  of  acoustic  rays  by  a  viscous  vortex,  y  is  the  lateral  distance  of  an  incident  ray  from  the  head-on  ray. 


direction  of  wavefront  travel.  The  general  relationship 
between  the  two  is  given,  at  any  point,  bv6 


f=(ck/A)+v, 


(5) 


where  r  is  the  time  derivative  of  a  point  on  (and  is 
tangent  to)  the  ray  path,  k  is  the  wave  vector  (k  is  its 
magnitude),  and  v  is  the  ambient  wind  vector.  Note 
that  f  represents  a  group  velocity  and  is  not  the  velocity 
that  would  be  measured  by,  for  example,  an  array  of 
acoustic  sensors.  The  phase  velocity  at  any  point  is 


,  =  r  +  [(k-v)/*]; 


(6) 


i.e.,  only  the  component  of  v  in  the  k  direction  con- 
tributes to  pPl  and  then  affects  only  its  magnitude. 
Consequently,  the  velocity  of  a  given  wave  measured, 
for  example,  by  a  closely  spaced  array  of  acoustic 
sensors  differs  in  general  from  the  velocity  that  would  be 
deduced  by  measuring  travel  time  from  its  source.  These 
points  are  more  relevant  to  geoacoustic  measurements 
than  to  the  aircraft-wake  problem. 

Refinements  of  the  model  of  the  aircraft  trailing 
vortex  would  include  radial  and  axial  velocities,  such  as 
considered  by  Newman7  and  Dosanjh  el  a/.,8  as  well  as 
elevated  temperatures  within  the  vortex.  However, 
further   complications   introduced   by   turbulence   and 


eddy  diffusion  may  cancel  any  benefits  of  constructing 
more  realistic  models  for  purposes  of  studying  sound 
propagation.  In  application  to  global  sound  propagation, 
one  needs  to  include  vertical  temperature  and  wind 
variability  of  the  ambient  atmosphere  as  well  as  the 
earth's  curvature. 
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ABSTRACT 

A  nev  general-purpose  ray  tracing  program  for  acoustic-gravity  waves  has  been  developed.      It   allovs 
atmospheric  wind  and  temperature  to  vary  in  all  three  spatial  dimensions  and  with  time  and  accounts   for 
earth  curvature.     Ray  plots  show  the  characteristic   acoustic  ray  patterns  of  a  standard  atmosphere  but 
also  some   interesting  and  unexpected  ray  geometries  in  cases  of  more  complex  wind  fields  and  for  internal 
gravity  waves. 

1.  RATIONALE 

Ray  tracing  has  been  successfully  employed  to  calculate  the  paths  of  wave-energy  flow  in  inhomoge- 
nsous  anisotropic  media,  most  notably  for  radio  waves  in  the  ionospheric  plasma,   seismic  waves   in  the 
earth,   and  for  acoustic  waves  in  the  ocean  and  atmosphere.     A  few  attempts  have  been  made  to  extend 
acoustic-ray-tracing  capabilities  to  low-frequency  acoustic-gravity  waves  in  the  atmosphere    (cf .    PIERCE, 
1966;  JONES,   1969;   CHANG,   1969;   COWLING  et  al. ,   1971),  but  each  scheme  so  far  developed  employs   simpli- 
fying assumptions  or  idealized  models  that  limit  their  applicability  to  the  real  atmosphere.      In 
particular,   the  effects  of  winds   are  sometimes  ignored  or  are  at  most  constrained  to  be  horizontal  and  to 
have  only  vertical  gradients.      Other  approaches  ignore  either  the  effects  of  gravity  or  compressibility, 
and  most   neglect  earth  curvature  and  horizontal  temperature  gradients.      Finally,  no  acoustic-gravity 
ray-tracing  program  of  which  we  are  aware  is  well  documented  and  available  in  a  "user-oriented"   form,  i.e. 
easy  to  use  and  readily  adaptable  to  digital  computers  in  common  use. 

The  program  described  here  is  designed  to  overcome  these  limitations  in  the  following  ways: 

(a)  Ray  equations   are  derived  from  Hamilton's   equations    (rather  than  variations  of  Snell's  Law) 
and  allow  three-dimensional  gradients  of  atmospheric  wind  and  temperature  fields; 

(b)  A  Hamiltonian  appropriate  to  acoustic-gravity  waves  in  a  windy  atmosphere  allows  a  single 
program  to  apply  to  the  whole  wave  spectrum  from  pure  acoustic  to  internal  gravity  waves; 

(c)  Earth  curvature  is  accounted  for  by  writing  Hamilton's  equations  in  earth-centered  spherical 
coordinates ;   and 

(d)  Programming  is  modeled  after  the  Jones-ITS  ionospheric  radio  ray-tracing  program,  which  has 
evolved,  over  several  years  of  widespread  use,   into  a  thoroughly  tested  and  highly  user-oriented  tool 
(JONES,  1966). 

This  paper  briefly  describes  the  workings   and  capabilities  of  the  program.     Further  details  and 
instructions   for  its  use   appear  in  a  NOAA  Technical  Report    (GEORGES,  1971)  that   can  be  supplied  upon 
request. 

2.  THE  RAY-TRACIHG  EQUATIONS 

Hamilton's   equations,  when  applied  to  wave  propagation,   can  be  thought  of  as  a  differential 
expression  of  Fermat's   Principle  of  Stationary  Time.     Their  applications  to  geometrical  optics  and  to 
geometrical  acoustics  are  discussed,   respectively,   in  the  texts  by  KLINE  and  KAY   (1965)   and  LANDAU  and 
LIFSHITZ    (1959).      In  their  simplest  vector  form,  they  can  be  written 


3H 
3K 


(la) 


5  -  -if  <*>> 

where  a  dot   indicates  total  time  differentiation,  K  is  the  wave  vector,   and  r  is  a  point  on  the  ray  path. 
The  Hamilton   (H)   is  a  quantity  whose  constancy  defines  the  ray  path,   given  appropriate  initial  conditions 
and  a  model  atmosphere.      For  acoustic-gravity  waves,   H  is  given  by  the  wave  dispersion  relation,   such  as 
that  developed  by  HINES    (i960),  TOLSTOY   (1963),   and  others  for  isothermal  atmospheres  without  winds.     The 
generalization  to  include  winds  is  straightforward  and  is  discussed  by  PITTEWAY  and  HINES   (1965).      The 
isothermal  dispersion  relation  gives  the  appropriate  Hamiltonian  for  ray  tracing  in  nonisothermal 
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atmospheres  because  the  geometrical-acoustics   approximation   is  equivalent  to  assuming  that   the  medium  is 
■ocally  homogeneous  and  is  valid  only  when  that   assumption   is  valid.      The  Hamiltonian  is  then 

B  ■  0*  -  n2c2K2  -  n2u>a2  ♦  c\^  -  o     ,  (2) 

vhere  ft  is  the  intrinsic  wave  frequency  with  respect  to  the  air  moving  at  a  local  wind  velocity,  v,  whose 
components  are  vr,  vq  and  v$  in  spherical  coordinates,  r,  8,  $.   The  wave  frequency  measured  in  a  fixed 
frame  is  u  =  !i  *   |C  •  y,  where  K  is  the  wave  vector  (kj.,  kg,  k*).   The  horizontal  component  of  K  is  kn. 
The  local  speed  of  sound  is  C,  u,  is  the  acoustic-cutoff  frequency,  yg/2C,  and  u§  is  the  square  of  the 
Brunt  frequency,  (Y-l)g2/C2  *  g(3C2/3z  )/C2.   In  accordance  with  the  analysis  of  EINAUDI  and  HINES  (1970), 
a  modified  definition  of  id^  is  adopted,  which  accounts  for  the  effects  of  vertical  sound-speed  (tempera- 
ture) gradients  on  atmospheric  stability.   Substituting  (2)  into  (l)  and  expressing  in  spherical 
coordinates  ( BRAND ST ATT ER ,  1959),  we  get  the  six  coupled  differential  ray-tracing  equations: 

f   -    c2krnF  ♦  vr         ,  (3) 
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dt 
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where 


These  equations,  though  apparently  complicated,  are  readily  integrated  by  standard  numerical  methods  to 
yield  r(t)  and  K(t).   The  addition  of  a  seventh  equation. 


dt    "    5 


(!)-§H    K^*  •  <»> 


permits   integration  of  Doppler  shift,  provided  the  medium  does  not  vary  appreciably  during  ray  transit. 

The  program  described  here  uses  a  standard  Adams-Moulton  integration  scheme  with  variable  step 
length  and  error  checking.  The  user  specifies  the  maximum  tolerable  fractional  integration  error  per 
step  and  thus  has  the  option  of  trading  computer  running  time  for  accuracy. 

3.  USING  THE  PROGRAM 

The  program  is   designed  to  be  used,   for  the  most  part,   like  a  "black  box,"  that   is,  without  much 
knowledge  of  its  inner  workings.      Parameters  that  the  user  may  wish  to  vary   (for  example,   initial 
conditions,  wave  variables,   and  model  atmosphere  parameters)   are   input  via  a  data  deck  with  one  such 
parameter  per  card.      Sequential  ray  calculations,   such  as   stepping  ray  launch  direction,   are  automatically 
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provided  for.   In  addition  to  a  comprehensive  printed  output,  automatic  ray  plots  may  be  obtained  on  com- 
puters with  cathode-ray-tube/microfilm  output  capabilities. 

Several  simple  model  atmospheric  wind  and  temperature  fields  with  variable  parameters  are  included 
in  the  program's  repertoire,  and  the  user  may  readily  substitute  his  own  models.   In  its  present  form, 
the  program  accepts  only  continuous  analytic  descriptions  of  wind  and  temperature  fields,  but  virtually 
any  desired  field  may  be  fitted  with  analytic  functions. 

It.     ILLUSTRATIONS  OF  APPLICATIONS  -  ACOUSTIC  WAVES 

Figure  1  displays  the  kind  of  ray  plot  often  produced  by  simpler  programs:   that  of  ordinary 
acoustic  waves  in  a  standard-atmosphere  temperature  profile.   Here,  however,  a  wind  blows  toward  the 
right  and  increases  logarithmically  with  height.   Note  particularly  the  influence  of  the  wind  on  where 
rays  return  to  the  ground.   The  wave  source  in  this  example  is  near  the  tropopause,  so  that  pronounced 
ray  ducting  is  also  evident. 

Figure  2  shows  acoustic  ray  paths  through  an  isothermal  cylindrical  vortex  with  a  solid-rotating 
core.  The  ray  geometry  is  independent  of  spatial  scale  and  so  is  relevant  to  smaller  vortices,  such  as 
those  generated  in  aircraft  wakes,  as  well  as  to  cyclonic  weather  features  of  synoptic  scale.  The  only 
variable  parameter  of  the  problem  is  the  ratio  of  the  maximum  wind  speed  in  the  vortex  to  the  sound  speed 
and  is  indicated  on  the  k   panels  of  the  figure.  This  maximum  is  attained  at  the  dashed  circles  in  the 
figure;  inside  the  circle,  wind  speed  varies  approximately  as  the  radius,  while  outside,  it  falls  off 
nearly  as  the  inverse  radius.  This  problem  is  further  discussed  in  another  paper  (GEORGES,  1972). 

Figure  3  shows  schematically  how  anisotropy  and  nonreciprocity  introduced  by  winds  affect  ray 
propagation  in  acoustic  sounding  of  the  troposphere.   In  general,  refraction  alters  the  location  of  the 
scattering  volume,  the  scattering  angle,  and  the  magnitude  of  the  Doppler  shift.  GEORGES  and  CLIFFORD 
(1972)  further  analyze  refractive  effects  in  acoustic  sounding. 

5.     ILLUSTRATIONS  OF  APPLICATIONS  -  INTERNAL  GRAVITY  WAVES 

Because  ray  paths  of  internal  gravity  waves  are  much  more  difficult  to  develop  intuitive  feelings 
for  than  are  acoustic  waves,  one  tends  to  use  a  ray-tracing  program  much  like  a  new  experimental  tool: 
Internal  gravity  ray  paths,  even  in  simple  wind  and  temperature  fields,  often  exhibit  unexpected  behavior. 
An  example  is  provided  by  the  simple  case  of  gravity-wave  propagation  in  a  region  of  linear  temperature 
gradient.  Figure  U   shows  two  gravity-wave  rays  launched  upward  and'  downward  in  such  a  temperature  profile. 
An  explanation  of  the  cusplike  reflection  behavior  can  be  found  by  considering  the  direction  of  the 
normals  to  the  constant-oo/ojb  surfaces  in  the  K  plane  (figure  h   inset),  which  indicate  ray  direction. 
Waves  launched  in  a  horizontally  stratified  medium  must  maintain  kx  constant  as  they  propagate;  therefore, 
as  temperature  (and  thus  ii^)  changes,  one  estimates  changes  in  ray  direction  by  sliding  up  or  down  a 
vertical  line  through  the  diagram  and  noting  the  resulting  changes  in  direction  of  the  surface  normals. 
For  example,  a  ray  whose  phase  fronts  are  launched  downward  and  that  propagates  upward  into  increasing 
temperature  (increasing  u/ut)  experiences  a  gradual  ray  steepening  until  kz  •+  0  when  ray  direction 
abruptly  reverses,  executing  the  cusplike  reflection  (not  a  true  mathematical  cusp)  depicted  in  figure  1*. 
The  level  of  reflection  of  a  gravity  wave  depends  only  on  the  value  of  kx  and  can  be  found  by  setting 
kz  =  0  in  the  dispersion  relation,  giving  the  minimum  value  of  ui^/u   for  a  given  k  : 


V 


1.225 


=  Ck  /id  .  (10) 


Figure  5  illustrates  how  internal  gravity  waves  may  be  ducted  in  a  temperature  minimum.   Evidently 
the  vertical  propagation  of  internal  gravity  waves  tends  to  be  restrained  in  the  presence  of  temperature 
gradients,  regardless  of  whether  temperature  increases  or  decreases.  ECKART  (i960)  shows  ray  paths  that 
display  this  behavior. 

Because  internal-gravity-wave  phase  speeds  are  considerably  slower  than  those  of  acoustic  waves, 
gravity  waves  interact  much  more  strongly  with  atmospheric  wind  fields  than  do  acoustic  waves.  Gravity- 
wave  ray  paths  in  a  linear  wind  profile  of  gradient  0.1  m/s/km  serve  to  illustrate  that  nature  of  the 
interaction.  Figure  6  shows  five  gravity-wave  rays  launched  downwind.  Each  wave  eventually  reaches  its 
own  "critical  level,"  i.e.,  where  the  wind  speed  equals  the  horizontal  trace  speed  of  the  wave.  Each 
wave  approaches  an  asymptotic  condition  in  which  the  wave  vector  tends  toward  vertical  and  phase  velocity 
toward  zero. 

Gravity  waves  launched  upwind  exhibit  a  quite  different  behavior,  as  illustrated  in  figure  7.  The 
ray  is  refracted  upward  and  is  eventually  turned  around  by  the  wind  shear.   In  this  example,  the  azimuth 
of  |C  is  at  a  U50  angle  with  y,  and  lateral  ray  deviation  also  occurs,  as  illustrated  in  the  plan  view  in 
figure  7. 
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6.  CONCLUSIONS 

These  few  examples  illustrate  the  capabilities  of  the  3D  ray-tracing  program  in  simple  model 
atmospheres  and  show  some  ray  path  properties  that,  as  yet,  have  not  apparently  been  appreciated. 

It  is  expected  that  the  program's  capabilities  will  be  refined  with  use  and  in  response  to  user 
needs  and  suggestions.  Such  suggestions  are,  of  course,  welcome. 
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ACOUSTIC   WAVES    IN   1962    U.S. .STANDARD   ATMOSPHERE 

f=300Hz;      Logarithmic    Wind  Profile:    u  =  IOm/s  at   1km 
Elevation  Angle  Varies  from  -20°  to  200°   in   10°  Steps 


Fig.  1    Acoustic  waves  in  1962  U.S.  Standard  Atmosphere  temperature  profile  and  a  wind  blowing  to  the  right 

and  increasing  logarithmically  with  height. 


Vmn,/C=  1/20 


Vmoi 


Fig.2    Acoustic  ray  paths  through  a  model  vortex  with  a  viscous  core.    Tangential  velocity  maximizes  along  the 
dashed  circles  and  has  the  speed  indicated  on  each  panel.   (Spatial  scale  is  arbitrary). 
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Fig.3    Acoustic  ray  path  in  an  acoustic-sounding  geometry  illustrating  nonreciprocity  in  the  presence  of  wind  shear. 


INTERNAL   GRAVITY   WAVE   IN   LINEAR  TEMPERATURE 
GRADIENT  of   •2'K/km,    No  Wind. 

AH  km;        r    =M0«c,      $=140* 


Fig.4    Internal-gravity  ray  paths  in  a  positive  linear  temperature  gradient,  illustrating  cusplike  reflection  of  the 
upgoing  ray  and  the  asymptotic  approach  to  horizontal  of  the  downcoming  rays. 
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INTERNAL     GRAVITY     WAVE     DUCTING 
X  =  I  km;        r    =  531  sec;     4>    -  ±   40° 


(•—100  km »J 

Fig. 5    Internal  gravity  wave  ducting  in  a  picewise  linear  temperature  profile. 


800°K 


INTERNAL    GRAVITY    WAVES 
APPROACHING    THEIR  RESPECTIVE  CRITICAL    LAYERS 
Isothermal    Atmosphere; 
Wind  Shear  of  0.1    m/sec/km  ; 
X  =  10  km  ;        Various  Wave  Periods 


Fig.d    Internal  gravity  waves  approaching  their  respective  critical  layers  in  a  linearly  increasing  wind  profile. 
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INTERNAL    GRAVITY    WAVE 

IN     WIND   SHEAR  OF  O.lm/sec/km 

and 

TEMPERATURE    GRADIENT  O.I  °K/km 

X=IOkm;       t  =  475  sec;         <f>  -  -  50* 


HORIZONTAL 
PLANE 


VERTICAL 
PLANE 


Fig.  7    Three-dimensional  ray  path  of  an  internal  gravity  wave  propagating  upstream  in  a  linear  wind  profile. 
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Acoustic  refraction  by  atmospheric  wind  and  temperature  inhomogeneities  affects  the  measurements  of 
acoustic  sounders  in  four  ways:  (a)  It  displaces  the  location  of  the  scattering  volume  relative  to  its  apparent 
location  based  on  straight-line  ray  paths,  (b)  It  alters  the  magnitude  of  the  Doppler  shift  by  changing  the 
magnitude  and  direction  of  the  wave  vector  at  the  scatterer.  (c)  It  changes  the  scattering  angle  from  that 
based  on  a  straight-line  geometry,  (d)  It  introduces  Doppler-shift  contributions  due  to  lime  variations  of  the 
atmospheric  refractive  index  all  along  the  sounding  path.  An  idealized  model  of  all  these  effects  on  bistatic 
soundings  shows  that  most  refractive  corrections  are  small  for  present  sounding  geometries  up  to  heights  of 
about  1  km,  but  may  need  to  be  accounted  for  as  sounding  heights  increase. 

Subject  Classification:  11.2,  11.7,  11.9. 


I.  THE  PROBLEM 

The  utility  of  acoustic  echo  sounding  as  a  tool  for 
displaying  the  dynamics  of  the  atmospheric  boundary 
layer  has  been  theoretically  and  experimentally  demon- 
strated by  Little,1  McAllister  el  al.,2  and  in  the  references 
they  cite.  In  more  recent  developments,  Beran  el  al.3 
and  Beran  and  Clifford*  have  shown  how  wind  profiles 
can  be  measured  using  a  Doppler  technique.  They 
have  produced  some  preliminary  wind  measurements 
that  compare  favorably  with  independent  simultaneous 
measurements.  So  far,  however,  no  attempt  has  been 
made  to  correct  such  measurements  for  the  effects  of 
refraction  by  atmospheric  wind  and  temperature 
inhomogeneities.  Unlike  electromagnetic  probes,  acous- 
tic probes  interact  strongly  with  the  atmosphere,  so 
that  refractive  effects  can  sometimes  be  appreciable. 

If  atmospheric  refraction  of  the  acoustic  waves  could 
be  ignored,  one  would  interpret  bistatic  Doppler 
observations  by  assuming  that  the  waves  travel  at 
uniform  speed  along  the  line-of -sight  triangular  path 
joining  source,  scatterer,  and  receiver.  In  that  case, 
Doppler  shift  would  indicate  the  component  of  scatterer 
motion  along  the  bisector  of  the  triangle's  apex  angle, 
as  is  commonly  assumed  in  electromagnetic  Doppler 
measurements.6  The  spatial  and  temporal  inhomo- 
geneity  of  the  real  atmosphere  and  the  presence  of 
winds  give  rise  to  several  questions  about  the  accuracy 
of  such  an  interpretation,  namely:  (i)  how  much  do 
refractive  effects  alter  the  scattering  angle,  (ii)  how  do 
refractive  changes  in  wave-vector  magnitude  and 
direction  affect  Doppler  shift,  (iii)  how  large  are 
displacements  of  the  scattering  volume  from  its 
apparent  position,  and  (iv)  what  is  the  relative  impor- 


tance of  contributions  to  Doppler  shift  due  to  temporal 
variations  of  refractive  index  all  along  the  path? 

We  seek  answers  to  these  questions  by  analyzing  an 
idealized  problem : 

Let  an  acoustic  source  be  located  on  a  flat  earth  (at 
a  in  Fig.  1),  an  observer  at  c,  and  consider  the  acoustic 
ray  path  P  connecting  the  source  and  receiver  via  a 
scatterer  at  b.  The  source  and  observer  employ  narrow- 
beam  antennas  to  look  toward  a  small  common  scatter- 
ing volume  at  b,  which  remains  stationary  in  space 
unless  the  medium  varies  in  time.  Even  though  the 
population  of  scatterers  in  the  scattering  volume  may 
continuously  change  (due,  for  example,  to  wind 
advection),  the  Doppler  shift  still  represents  the  mean 
motion  of  individual  scatterers  within  the  volume,  and 
not  the  discontinuous  shifts  in  phase-path  length  as 
different  scatterers  come  into  view.  Croft6'7  elaborates 
on  this  point. 

In  general,  the  ray  path  P  satisfies  Fermat's  Principle 
of  Stationary  Time,  but  may  itself  be  time-dependent 
if  the  propagation  medium,  or  the  location  of  the 
path's  end  points,  vary  with  time.  Furthermore,  the 
sound  propagation  vector  K  does  not  generally  lie 
along  the  ray  path  when  winds  are  present,  so  that  the 
propagation  medium  is  generally  anisotropic,  inhomo- 
geneous,  and  nonreciprocal. 

We  want  to  calculate,  for  this  general  bistatic  case, 
the  acoustic  Doppler  shift,  the  change  in  direction  of  the 
axis  which  determines  the  component  of  the  wind 
being  measured,  and  the  relocation  of  the  scattering 
volume  itself,  in  forms  which  explicitly  show  the 
magnitude  of  refractive  corrections. 
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Fie.  1  Geometrical  notation  for  the  bistatic  scattering  of  acoustic  waves  including  refraction.  The  scatterer  is  shown  split 
in  half  to  illustrate  quantities  related  to  the  incident  wave  (left)  and  to  the  scattered  wave  (right)  Vectors  shown  do  not  in  general  lie 
in  the  plane  of  the  page,  but  when  V  does,  all  do. 


II.  DOPPLER  SHIFT 

Fundamentally,  Doppler  shift  (A/)  is  the  time  rate 
of  change  of  the  number  of  wavelengths  along  a 
propagation  path  (P)  between  a  source  and  an  observer. 
If  K  is  the  vector  wavenumber  (its  magnitude 
&  =  2»-/wavelength),  and  s  denotes  a  vector  from  an 
arbitrary  origin  to  the  ray  point  (ds  is  tangent  to  the 
ray  path),  then 

-A/ ([      Kds).  (1) 

If  the  path  P  (abc)  is  divided  into  two  parts  (which  we 
will  denote  by  subscripts  1  and  2)  by  the  scatterer  at 
point  b,  and  if  the  points  a  and  c  remain  fixed,  then 


d    /•""  d    r 

-2tA/=—  /        K,</sH —  /       KidSi 

lit   J  a  dt   J  (>(,) 

:  the  int< 

f  ~< 

J  bit)  dt 


(2) 


Taking  the  differentiation  inside  the  integrals 

i 
-(kiCOSa2)ds^ 


—  2-K\i=\  —(kicosai)dsi+ 

Ja    dt 


db-  db« 

+  Ki(*l  -Ub) A',(6)  -h(6)— 

dt  dt 


(3) 


where  a  is  the  angle  between  K  and  ds,  and  dbi/dt 
indicates  the  component  of  the  motion  of  the  scatterers 
at  point  b  in  the  dsi(b)  direction,  and  r  is  a  unit  vector 
in  the  ds  (ray)  direction. 

If  the  medium  along  the  path  is  time-invariant,  the 
integrals  on  the  right-hand  side  of  Eq.  3  vanish,  and 
Doppler  shift  depends  only  on  the  scatterer  motion  at 
point  b  and  the  refractive  properties  of  the  medium 
there.  Let  us  temporarily  make  this  assumption  and 
return  in  Sec.  V  to  examine  possible  effects  of  ignoring 
these  integral  terms. 

To  evaluate  the  remaining  terms  in  Eq.  3,  let  the 
scatterers  move  with  the  wind  at  point  b,  i.e.,  they  have 
a  velocity  V(4).  Then 


dbi 

dt 


=Vf, 


and 


dbi 

—  =  V-f„ 

dt 


(4a) 


(4b) 


where  ri  and  }■>  are,  respectively,  unit  vectors  in  the 
direction  of  the  incident  ray  at  b  and  along  the  scattered 
rav  at  b  that  reaches  the  observer  at  c. 
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If  we  also  define  a  vector  refractive  index  n  whose 
direction  is  that  of  K  and  whose  magnitude  is  Co£/2t/0, 
where  C0  is  some  reference  speed,  here  taken  to  be  the 
speed  of  sound  at  the  ground,  and  /0  is  the  transmitted 
wave  frequency,  then  Eq.  3  becomes 

A/      1 

-  =  -[(n2-r:)(V-r2)-(n,-r1)(V-r1)],  (5) 

/o      Co 

where  ni  and  n2  refer  to  the  refractive  indices  of  the 
incident  and  scattered  waves  at  b,  respectively.  By 
factoring  out  the  wind  vector  V,  we  can  write  the 
Doppler  formula  in  an  intuitively  useful  form : 


A/     V 

—  =  —  •  [(n2  •  f  2)r2  —  (m  •  rOn]. 
/o      Co 


(6) 


This  shows  that  the  Doppler  shift  is  proportional  to 
the  projection  of  the  wind  at  b  onto  the  bracketed 
vector,  which  will  be  called  I.  In  the  absence  of  refrac- 
tion along  the  ray  paths  l\  and  P;,  this  vector  reduces 
to  the  bisector  of  the  angle  made  by  ni  and  n2,  in  accord- 
ance with  simplified  analyses  that  ignore  refraction. 

We  can  express  Eq.  5  in  terms  of  the  wind  and  sound 
speed  at  b  and  the  angles  that  ni  and  n2  make  with  the 
wind  at  b:  To  find  (n  •?)  and  (Vr),  we  note  that,  in 
general,  for  a  homogeneous  flow  of  V,  n  and  r  are 
related  by 


r  =  Cn+V, 


(7) 


where  the  magnitude  of  r  is  the  group  velocity  along 
the  ray8  and  n  is  a  unit  vector  along  n.  Also,  if  0  is  the 
angle  between  n  and  V  at  b,  the  angle  a  between  n  and  r 
is  given,  to  first  order  in  V/C,  by 


tana*  (F/C)  sin 0, 


(8) 


where  V  is  the  magnitude  of  V,  and  to  the  same  order, 

cos  a«  1. 

Therefore,  (ni-ri)««i  and  (n2-r2)  =  «2.  Also,  if  V  is  a 
unit  vector  in  the  V  direction, 


(r-V)  =  cos  (0-a)  =  cos0+(K/C)sin20 


(9) 


to  first  order  in    V/C.  So,   combining  terms,   Eq.  5 
becomes 

A/     V(  V  \ 

— = — I  «i  cos02  — «i  cos0H — (m2  sin202  — Mi  sin20i  ], 
/o     C,\  C  / 

(10) 

where  02  and  0i  refer  to  the  angles  between  n2  and  V 
and  between  ni  and  V,  respectively. 

The  value  of  the  refractive  index,  in  terms  of  local 
sound  speed  C  and  fluid  velocity  V,  is  given  by  Landau 


and  Lifshitz8  as 

h=Co/(C+V-K). 
If  K«C,  then  Mi  and  m2  can  be  written  as 


Co/       V         \ 

Mi= — 1   1 COS0]  J, 

C\      C  / 

Co/       V         \ 

M2  =  — \   1 COS02  J 

c\     c       / 


(11) 

(Ha) 
(lib) 


to  first  order  in  V/C.  Substituting  into  Eq.  10  and 
retaining  only  terms  up  to  second  order,  we  obtain 

A/     V  2V* 

■    —  =  —  (cos02-cos0,) (cos202-cos20,).     (12) 

/o     C  C2 

Equation  12  shows  that  (a)  Doppler  shift  is  determined 
only  by  the  wind  and  sound  speed  at  the  scatterer  and 
by  the  angles  of  ni  and  n2  (i.e.,  K,  and  K2)  with  \(b) ; 
(b)  a  second-order  correction  term  alters  the  axis  of 
resolution  (i.e.,  the  axis  which  determines  the  compo- 
nent of  V  that  Doppler  shift  resolves)  from  the  bisector 
of  the  angle  between  ill  and  n2;  and  (c)  when  02  =  0i 
no  Doppler  shift  occurs,  even  to  second  order.  Note 
that  nothing  yet  has  been  assumed  about  the  wind  or 
temperature  fields  along  P,  except  that  they  are  time- 
invariant,  and  that  the  wind  speed  at  b,  is  much  smaller 
than  the  sound  speed. 

ID.  HORIZONTAL  STRATIFICATION 

The  relevant  observational  problem  is  to  determine 
the  wind  V  (or  at  least  its  projection  onto  some  axis) 
having  measured  Doppler  shift  over  a  path  whose 
elevation  angles  at  both  ends  are  known.  Therefore, 
we  want  an  expression  for  A/  in  terms  of  </>„  and  <)>e 
rather  than  0i  and  02.  In  Sec.  IV,  we  will  discuss  the 
inversion  of  the  resulting  Doppler  formula,  i.e.,  how 
to  get  V  explicitly  in  terms  of  A/. 

Expressing  0i  and  02  in  terms  of  <j>a  and  4>c  for  arbitrary 
wind  and  temperature  fields  along  P  is  not  generally 
possible  analytically,  and  one  usually  resorts  to 
numerical  techniques  (e.g.,  ray  tracing),  if  the  atmo- 
sphere cannot  be  represented  by  certain  simple  models. 
One  can,  however,  model  the  atmosphere  without  too 
great  a  loss  in  generality  by  assuming  horizontal 
stratification,  that  is,  that  V  and  C  are  functions  only 
of  a  vertical  coordinate  z.  In  such  a  model,  the  angles 
at  the  scatterer  are  related  to  the  angles  at  the  ground 
by  Snell's  Law:  i.e.,  nisine\i  =  sin«\,;  M2sin02  =  sin0c. 
(It  is  still  necessary,  however,  to  use  some  kind  of  ray 
tracing  to  calculate  the  actual  ray  location,  for  example, 
the  location  of  the  scattering  volume.  This  will  be 
demonstrated  in  Sec.  VI.)  Note  that  the  assumption 
of  horizontal  stratification  still  allows  both  vertical 
and  horizontal  winds  as  well  as  wind  vectors  lying 
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outside  the  vertical  plane  containing  points  a  and  c, 
and  even  winds  whose  direction  varies  with  height. 

Certain  conceptual  difficulties  arise  in  the  application 
of  Sncll's  law  to  horizontally  stratified  media  in  which 
the  vertical  component  of  the  wind  is  height -dependent, 
because  air  convergence  cannot  be  avoided;  however, 
Snell's  law  nevertheless  appears  to  be  applicable  and 
will  be  applied  to  such  media,  but  with  the  realization 
that  significant  vertical  gradients  of  the  vertical  wind 
component  necessarily  violate  the  assumption  of 
horizontal  stratification. 

A  convenient  way  to  treat  the  effects  of  a  wind  not 
lying  in  the  vertical  plane  containing  the  source  and 
observer  is  to  resolve  V  into  a  component  u  lying  in 
the  plane  and  a  component  v  perpendicular  to  the 
plane  and  to  treat  the  contributions  of  the  two  compo- 
nents separately.  The  validity  of  this  type  of  super- 
position argument  depends  on  the  interaction  between 
the  two  components  in  the  Doppler  formula  being 
negligible.  Inspection  of  Eq.  12  shows  that  the  interac- 
tion is  entirely  by  way  of  changes  in  the  angle  6  at  the 
scatterer:  If  we  assume  that  K  initially  lies  in  the 
vertical  source-observer  plane,  then  it  must  remain 
perpendicular  to  v  up  to  the  scatterer,  because  of 
horizontal  stratification.  Therefore  ni-v  =  0,  and  v 
cannot  contribute  to  Doppler  shift  on  the  up-leg  of 
the  path.  It  does  contribute  on  the  down-leg,  however. 
Let  62  momentarily  represent  the  angle  between  n2 
and  u.  The  change  in  02  due  to  v  is  of  order  v/C,  causing 
second-order  changes  in  cosfl2  and  third-order  changes 
in  A/.  Similar  arguments  apply  to  the  u-induced  changes 
in  the  Doppler  shift  due  to  v.  Therefore,  we  may  treat 
separately  the  contributions  to  A/  of  v  and  u. 

The  Doppler  shift  due  entirely  to  v  can  be  estimated 
by  assuming  that  the  ray's  lateral  deviation  is  small. 
Then 


^«cos-'(»/C). 


(13) 


The  Doppler  shift  due  to  the  perpendicular  wind 
component  is  therefore  pVC5,  by  Eq.  12,  i.e.,  entirely 
second-order.  It  is  important  to  note,  however,  that  if 
the  total  wind  blows  mainly  in  the  perpendicular 
direction,  its  second-order  contribution  may  be  compar- 
able to,  or  even  exceed,  the  first-order  contributions  of 
the  wind  component  in  the  plane. 

Our  problem  now  is  to  express  Eq.  12  in  terms  of 
the  source  and  observer  elevation  angles  for  the  two- 
dimensional  problem  where  the  wind  field  V  is  hori- 
zontally stratified,  and  remains  in  the  vertical  source- 
observer  plane,  but  possibly  has  a  vertical  (upward) 
component  w  in  addition  to  a  horizontal  component  u. 

The  angle  of  slope  of  the  wind  V  will  be  called  0, 
so  that 


tan/3 =w/u. 


(14) 


The  angle  K  makes  with  the  vertical  will  be  called  ©J, 
and  subscripts  1  and  2  will  refer  to  the  incident  and 


scattered   rays  at  b,   and  subscripts   a   and   r  denote 
quantities  at  the  source  and  observer. 

If  we  assume  that,  at  the  scatterer,  l/«('n,  <t>i-<t>.t 
+  A0,,  A0i«0a,  and  C  =  C0+AC,  AC«Cn,  then  the 
following  relations  may  be  established,  to  first  order 
in  V 'Co  and  AC/Cn: 


«i=   HI-   ;sin(tf+ «.,)»,  (15 

/AC      V  \ 

Atf>i=4>i-<*>„  =  tan4>„( r---sin(ii+«J  I,      (16 

V  Co   c„  / 

/AC      V  \ 

cos#i=cos4>u  —  sin<£„  tan</>0( 1 sin(/3-r-0<,)  J,     (17 

V  Co     C„  / 


m=(K/Co)  cosGH-*.). 


(18) 


Identical  relations  hold  for  the  scattered  ray,  i.e.,  if 
subscript  2  is  substituted  for  1  and  c  for  a.  Using  these 
relations,  the  geometry  of  Fig.  1,  and  Eq.  6,  we  can 
calculate  the  a;  and  2  components  of  the  axis  of  wind 
resolution  /  from  which  other  quantities  of  interest  can 
be  readily  derived : 

/x  =  «2  sin (4>i-{-a<)  —  «i  sin(0i+o<i) 
=  (sin*c-  sin*.)  +  (K/Co)F,OJ,0«,*.),        (19; 
where 

Fx=cos(0+<t>c)cos<t>c-cos{0+<l>a)cos<t>a,        (20) 
and 

/,  =  n2  cos(«i2+a2)  —  «i  cos(0i+ai) 
=  (cos^  —  cos^a)  —  (AC/Co)  (sec<<)c  -  sectfO 

-(K/Co)F.08,*e,*.),     (21) 
where 

F,=  cos(fi+<t>c)sm4>c— cosO3-f0o)sin^a 

+cos/3(tan</>c-tan</>a).     (22) 

The  Doppler  shift  is  then  obtained  by  substituting 
lz  and  /,  into 


C0(A///o)  =ulz+wl„ 


(23) 


yielding 

1  /K2 

A/=— (K.-Ko)-  V+/J  — (F,  cosfl-F,  sin/J) 
2t  \Co2 


•-0 

V  AC 

Co  Co 


suv9(sec</>c — sec<t>a) ),     (24) 


)■ 


where 


K.=  (2T/o/Co)(sin<M+cos<^i), 


(25a) 
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and 


K0=  (2ir/„C'u)(siii0„x+cos0ai). 


(25b) 


The  first  lemi  on  the  right -htm  d  side  of  Eq.  24  is  the 
usual  nonrvfrsA'tivv  Doppler  shift.'1  To  be  completely 
general,  Eq.  24  should  also  contain  a  term  /0r-  Co8  to 
relied  the  contribution  of  n  wind  component  v  perpen- 
dicular to  the  vertical  source-observer  plane  (see  Eqs. 
12  and  li).  Equation  24  simplifies  considerably  if  the 
vertical  and  perpendicular  wind  components  are 
negligible: 

1  K2 

A  f=—  (K.  -  Ko)  •  V+/0— (cos2o>c-cos2o>J     (26) 
'      2*  CV 

or,  expressed  another  way, 

A/     u  m2 

—  =  — (sine^— sinoi,,) (sin2oic— sinfy,,).     (27) 

/o     Co  Co2 

Note  that  A/  no  longer  depends  on  AC  when  #=0. 
If,  in  addition,  o>a=0,  the  Doppler  formula  reduces  to 
the  particularlv  simple  form  obtained  by  Beran  and 
Clifford4: 


A/     u 

—  =  —  sin^, 

/o    Co 


-(c?in4 


(28) 


The  orientation  of  the  axis  /upon  which  V  is  projected 
by  Doppler  measurements  is  given  in  general  by 

tan?  =  /,//„  (29) 

and  its  value  in  the  absence  of  refraction  is,  from  the 
geometry  of  Fig.  1, 

7o=(*t+«\,-ir)/2.  (30) 

The  departure  of  y  from  >0  is 

Ay=Y-7o«7o,  (31) 

and,  to  first  order  in  A-y/vo 

Ay  =  cos27o(tan7  —  tan70) 

=  cos1yo(/*//«-tan7o),  (32) 

which,  after  substitution  of  Eqs.  19,  21,  and  30  and 
considerable  manipulation,  becomes 

AC  V 

A7  = — (tan«V+  tan0„)  H 

2Co  2Co 

X [cosO3+*a)+cos(0-r-0c)+cos0(sec«e+sec«<1)].  (33) 

In  the  special  case  where  /3  =  0ard#a=0,  Eq.  33  reduces 
to  the  form  given  by  Beran  and  Clifford4 : 

AC  u 

A-y= tan&H (cos^c+sec0c+2).        (34) 

2Co  2C0 


Equations  24  and  33  are  the  desired  general  formulas  for 
Doppler  shift  and  change  in  the  axis  of  wind  resolution. 
In  the  absence  of  refraction,  the  scattering  angle 
yi'o  =  <t>c— &.,  while  under  the  influence  of  refraction,  it 
changes  to  ♦=4>2—  oi|.  The  change  in  scattering  angle 
is  thus  A*  =  *—  *0  =  M>'-M>i,  where  Ao>  is  of  the  form 
given  by  Eq.  16.  Note  that  A*  docs  not  in  general 
equal  2A>,  so  that  the  a\is  of  wind  resolution  does  not 
bisect  the  angle  formed  by  Ki  and  K»  at  h.  furthermore, 
because  monostatic  sounding  in  a  windy  atmosphere 
does  not  in  general  yield  ♦=»  (backscatter),  it  is  not 
generally  possible  to  make  the  usual  assumption1  that 
wind  eddies  do  not  contribute  to  the  monostatic 
scattering  cross  section.  Clifford  and  Brown9  treat  this 
problem  in  detail. 

IV.  INVERSION  OF  THE  DOPPLER 

FORMULA  AND  THE  NEED  FOR 

MULTIPLE  SOUNDINGS 

If  we  write  the  Doppler  Equation  24  in  the  form 

+£,(*.•>«' AACOf-W— \  =0,    (35) 

where  the  subscript  or  superscript  i  indicates  a  partic- 
ular sounding  geometry,  then  we  can  invert  the  system 
Eq.  35  to  give 


i^LV^VI-o, 

Bi\fJ,    BAfo/i    Co 


(36) 


to  second  order  in  A///0.  This  system  involves  four 
unknowns,  V,  and  AC,  and  so  requires  four  independent 
sounding  geometries.  If  we  assume  that  the  four 
geometries  all  sound  the  same  volume,  then  we  should 
be  able  to  solve  the  system  Eq.  36  for  V  and  AC.  It 
must  be  recognized,  however,  that  the  ability  to 
measure  AC/Co  using  Doppler  shift  depends  on  the 
presence  of  a  vertical  wind  component. 

It  turns  out  that  the  coefficients  A,  and  B,  are 
quite  unwieldy  even  for  simple  geometries,  so  that  an 
analytical  solution  of  the  system  Eq.  36  for  AC  and  V 
does  not  appear  feasible.  Numerical  methods  should 
yield  satisfactory  results,  however. 

A  convenient  sounding  geometry  would  use  three 
sounders  located  at  the  vertices  of  a  right  triangle  on 
the  ground ;  the  sounding  paths  would  form  a  tetrahe- 
dron with  a  vertical  side  rising  from  the  right  angle.4  The 
apex  of  the  tetrahedron  represents  the  scattering 
volume,  which  could  slide  up  and  down  the  vertical 
side  as  the  elevation  angles  of  the  other  two  sounders 
vary.  Each  sounder  could  monitor  both  monostatic 
and  bistatic  scattering,  providing  as  many  as  nine 
independent  sounding  paths. 
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V.  THE  ROLE  OF  TIME-VARYING  MEDIA 

We  now  return  to  consider  the  integral  terms  in 
Eq.  3  that  represent  contributions  to  Doppler  shift 
from  temporal  variations  of  the  refractive  index  all 
along  the  sounding  path.  We  want  to  find  out  if  realistic 
temperature  or  wind  changes  along  the  path  can  ever 
cause  significant  Doppler  shifts,  compared  to  those 
caused  by  motions  of  the  scatterers  in  the  sounding 
volume. 

Retaining  only  the  integral  terms,  Eq.  3  can  be 
rewritten,  to  first  order  in  V/C,  as 

A/      r   d/C0\  f    d/V         \ 

-Co—  =1    -{  —  Ms- I    -(  —  cosdlls.     (37) 
/„     JPdt\C/       Jp,lt\Co        I 

If  we  denote  by  angular  brackets  and  the  subscript  av 
the  average  of  a  quantity  over  the  sounding  path,  e.g., 


\dt\c//„    \   c1  dtf  „      pJpC2,n 

nd 

/-(Kcos0,)>    =—  /     — (Kcos0,)<fr,, 
\dt  /.v    Pi  J p,  ill 


(38) 


(39) 


then  Eq.  37  becomes 

4/ 


J        J\     dC\  Pl/d  V 

-  =  < )   P+— (-(Kcos*,)) 

o      \C2  dt/„       C0*\dt  /.v 


Pt/d  v 

+— <-(Fcos02)> 
Co  A,//  /. 


(40) 


Now  compare  the  first  term  on  the  right-hand  side  of 
Eq.  40  with  the  first-order  Doppler  shift  in  Eq.  28, 
representing  the  case  0  =  0,  <£o  =  0,  and  ask  what  value 
of  (dC/dt)iV  would  produce  a  Doppler  shift  equal  to 
that  of  a  horizontal  wind  u  at  the  scatterer.  We  thus 
find  that 


/  1    dC\  u 

\ )    = — ' 

\C2  dtf  „    CP 


sintf>c 


(41) 


If  we  let  «=10  m/sec,  P=2  km,  0c  =  3t/4,  and  C  be 
relatively  constant  over  the  path,  then 


~0.0035, 


(42) 


which  is  equivalent  to  an  average  relative  temperature 
change  of 


c^.007. 


(43) 


Under  standard  conditions,  this  represents  an  average 
rate  of  temperature  change  along  the  path  of  about 
2°K./sec. 

A  similar  comparison  of  the  velocity  terms  in  Eq 
yields 


40 


\(-(Vcos6i)) 
\dt  r* 


Pt(-(V  cos0sA    = 


+  J\( -(V  a>$82)  )     =uC0sm<t>c.     (44) 

Xit  t „ 

Using  the  same  geometry  as  before  and  making  the 
approximations 

0i~ir/2,     92=T/2=«ic=-T/4,     and     /'2~1.17  km, 


and  letting  C0  =  34O  m/sec, 
(dV/dt)„~ 


'3  m/sec'2. 


(45) 


For  a  purely  monostatic  sounding  geometry 

-/5,(cos»,)av~y;,2(cose2)av  (46) 

and  the  effects  of  dV/dt  on  Doppler  shift  are  negligible. 
Such  high  values  of  average  wind  or  temperature 
changes  would  be  expected  only  rarely,  so  that  motions 
within  the  scattering  volume  would  almost  always 
dominate  in  determining  the  Doppler  shift  measured 
with  present  instruments  within  the  atmospheric 
boundary  layer.  However,  as  sounding  height  increases 
with  sounder  development,  Doppler  shift  becomes  more 
sensitive  to  integrated  refractive  index  changes.  Futher- 
more,  integrated  changes  may  not  be  negligible  in  the 
analysis  of  soundings  taken  during  the  passage  of  the 
frontal  discontinuities  or  large  atmospheric  waves  upon 
which  attention  is  often  focused. 

VI.  DISPLACEMENT  OF  THE 
SCATTERING  VOLUME 

It  is  important  to  know  the  refractive  displacement 
of  the  scattering  volume  from  its  virtual  location 
(Fig.  1),  because  it  is  to  the  displaced  location  that  the 
Doppler  wind  and  temperature  measurements  refer. 
In  this  section,  we  want  to  see  if  we  can  provide  a  basis 
for  estimating  the  magnitude  of  the  vertical  and 
horizontal  displacements  of  the  scattering  volume  to 
be  expected  in  real  wind  and  temperature  fields. 

The  location  of  the  scattering  volume  is  determined 
by  the  intersection  of  two  ray  paths:  one  which  leaves 
the  source  at  a  prescribed  elevation  angle,  and  another, 
which  leaves  a  point  along  the  upgoing  ray  and  arrives 
at  the  observer  at  a  prescribed  angle.  The  size  of  the 
scattering  volume  is  determined  by  the  source  and 
observer  antenna  beam  widths.  If  propagation  is 
reciprocal  (i.e.,  no  winds  are  present),  the  second  ray 
path  is  identical  to  the  one  leaving  the  observer  at  its 
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"look  angle,"  greatly  facilitating  the  location  of  the 
scattering  volume. 

In  the  presence  of  winds,  then,  analysis  can  proceed 
in  two  directions:  either  to  seek  analytical  solutions  for 
the  ray  path  intersections  for  certain  simple  wind  fields, 
or  to  use  very  general  numerical  ray  tracing  techniques 
in  iterative  searching  schemes.  We  now  pursue  the 
first  alternative;  ways  of  implementing  the  second  will 
be  indicated  at  the  end  of  this  section. 

Ugincius10  (his  Eq.  24)  gives  a  formula  for  ray 
curvature  <c,  accurate  to  first  order  in  u/C,  in  the 
presence  of  wind  and  sound-speed  gradients  in  the  z 
direction  only.  In  our  notation,  it  is 

1   dC\ 


-..(5i„«-2^)(--) 


H'-^X^) (,7) 


Wind  and  sound-speed  gradients  thus  act  together  in  a 
complicated  way  to  refract  acoustic  rays.  However,  we 
can  derive  relations  that  allow  us  to  estimate  scattering- 
volume  displacement  if  we  consider  separately  two 
further  specialized  cases:  (a)  no  winds,  linear  sound- 
speed  gradient,  and  (b)  constant  sound  speed,  linear 
wind-speed  gradient. 

In  case  (a),  Eq.  47  reduces  to 


\C  dz) 


which  becomes,  with  the  aid  of  Snell's  law, 
1   dC\ 


■       (  X   dC\     ^   ■ 
—K  =  sm<t>a[ )=G  sm<t>a, 

\Co  dz  I 


(48) 


(49) 


which  defines  G.  This  is  an  expression  of  the  well-known 
result  that  acoustic  ray  paths  in  a  horizontally  stratified 
medium  with  a  linear  sound-speed  gradient  are  circular 
arcs  whose  centers  of  curvature  lie  at  a  height  where  the 
sound  speed  would  (if  extrapolated)  equal  zero.11  It  is 
thus  a  simple  matter  to  calculate  analytically  (or 
construct  graphically)  acoustic  ray  paths  in  plane- 
stratified  atmospheres  whose  sound-speed  profiles  can 
be  approximated  by  linear  segments. 

The  location  of  the  ray-path  intersection  that 
defines  the  scattering  volume  can  be  calculated  analyt- 
ically by  finding  the  intersection  of  two  circular  arcs. 
Such  an  analysis  reveals  that  the  x  displacement, 
relative  to  the  coordinate  x0  of  the  virtual  intersection 
is 


Ax=-GS<P/2D(D+Gd), 


(50) 


with  positive  values  indicating  displacement  toward 
the  observer.  Here  S=coUf>c+cot<t>a,  D=cot<t>c—cot<t>a, 
and  d  is  the  horizontal  separation  of  the  points  where 


the  rays  Px  and  Pi  enter  and  leave  the  layer   (e.g., 
the  source— observer  separation). 

The  vertical  displacement  of  the  intersection  (positive 
upward)  is 

Az~Axcot<k-Gry2  (51) 

provided  z«l/G.  In  the  case  of  a  symmetrical  path 
(<t>a  =  ir— <t>c),  Ax  =  0,  and 


Az~  -G<P/8. 
When  </>c  =  ir  (or  </>„  =  (),  by  symmetry! 
Az~-G<i2/2. 


(52) 


(53) 


For  case  (b),  i.e.,  an  isothermal  atmosphere  with  a 
constant  wind  shear,  Eq.  47  becomes 

1  du 


(U           \  1  du 
1  —  2—  sinoi  ) 
C         )C  dz 


1  du 
'  C  dz 


H,    u«C, 


(54) 


which  defines  H.  Thus,  acoustic  ray  paths  in  a  constant 
wind  shear  have  a  nearly  constant  curvature  as  long  as 
m«C.12  For  example,  rays  emanating  from  a  point 
source  have  a  spiral  or  "pinwheel"  appearance,  with 
all  rays  curving  in  the  same  sense  one  expects  intuitively 
by  considering  the  "twisting"  effect  of  VXV.  It  is 
important  to  note  that,  according  to  Eq.  54,  the  ray 
curvature  in  a  given  wind  shear  is  always  in  the  same 
sense,  regardless  of  ray  orientation,  while  in  a  sound- 
speed  gradient,  the  sense  of  curvature  depends  on  the 
sign  of  <f>,  according  to  Eq.  48,  i.e.,  rays  always  curve 
away  from  the  direction  of  increasing  sound  speed. 

If  we  ignore,  for  cases  in  which  w«C,  the  small 
deviation  a  between  K  and  the  ray  tangent  (see  Eqs.  7 
and  8),  ray  intersection  can  be  estimated  by  again 
computing  the  intersection  of  appropriate  circular 
arcs.  A  simple  approximate  graphical  construction  is 
possible  for  acoustic  ray  paths  in  a  constant  wind  shear : 
the  radius  of  the  circular  ray  path  equals  the  height 
over  which  the  wind  speed  (if  extrapolated)  would 
increase  from  zero  to  the  sound  speed;  the  circle's 
origin  lies  along  a  straight  line  through  the  source  and 
perpendicular  to  the  ray-launch  direction.  The  two 
possible  centers  (and  senses  of  curvature)  correspond 
to  the  two  opposite  propagation  directions  through 
the  source,  and  the  choice  is  made  with  the  knowledge 
of  the  proper  sense  of  ray  curvature  for  the  given 
wind-shear  profile.  An  identical  construction  serves 
for  the  ray  through  the  observer,  permitting  a  simple 
determination  of  the  ray  intersection. 

The  intersection  of  the  two  circular  arcs  can  be 
calculated  analytically  using  the  same  construction ; 
the  details  of  this  interesting  problem  in  analytic 
geometry  are  left  to  the  reader.  The  x  and  z  displace- 
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incuts  arc  giver  by 

Sx  =  [U  2  sin (*,-*,)]{  (*oM-*o2)sin0c 

-[(.vo--/l-+3o2]sin0a>,     (55) 

A:  =  [fl  2  sin(«,  -«JJ{  (.vt,'-+z02)  COS*, 

-[(.vo-</)-'+So2]a>s</>a},      (56) 

lo  first  order  in  II  Xv  and  //Ac.  In  the  case  <fc,  =  0  (one 
sounding  path  vertical)  the  displacements  reduce  to 


S.x  =  Hd2  2  tan2*,., 
Az  =  H<P  2  tan30r. 


(57) 
(58) 


The  coordinates  of  the  intersection  of  the  straight-line 
ray  paths  (corresponding  to  the  limit  H  — >  0  or  to 
G  — »  0  in  the  sound-speed  gradient  case)  are 


</  tan0„ 


-Vo  =  ~ 


tan</>„  —  tan<£r 

d 
tan0„  —  tan*c 


(59) 
(60) 


Within  the  same  order  of  approximation,  rajs  under 
the  influence  of  both  linear  wind  and  sound-speed 
profiles  arc  still  circular,  with  a  net  ray  curvature  of 


—k  =  G  sin<fc,  +  //. 


(61) 


Clearly,  the  refractive  effects  of  wind  shear  and  sound- 
speed  gradients  can  either  reinforce  or  cancel  each 
other.  For  example,  in  the  case  <t>c  =  ir—<t>a  (a  symmet- 
rical path)  the  ray  path  in  a  linear  wind  gradient  of 
H  is  identical  to  the  ray  path  in  a  linear  sound-speed 
gradient  of  G  =  H/s'm<t>a. 

Ray  geometries  in  more  complicated  model  atmo- 
spheres (e.g.,  those  with  three-dimensional  wind  and 
temperature  variability)  are  readily  calculated  numer- 
ically with  digital-computer  ray-tracing  programs.13 
If  refractive  effects  are  believed  small,  the  downcoming 
ray  path  and  the  location  of  the  scattering  volume  can 
be  approximately  obtained  with  a  ray-tracing  program 
as  follows:  Using  the  intersection  of  the  upgoing  ray 
and  the  virtual  scattering  height  as  a  source,  calculate 
downgoing  ray  paths  in  a  narrow  fan  of  elevation  angles 
likely  to  reach  the  ground  at  the  required  elevation 
angle.  Select  the  ray  that  actually  arrives  at  (or  near) 
the  required  elevation  angle  and  shift  that  ray  parallel 
to  the  ground  until  it  intersects  the  observer  location. 
The  intersection  of  that  (shifted)  ray  (extended  slightly, 
if  necessary)  with  the  upgoing  ray  gives  the  approximate 
location  of  the  common  volume.  Further  refinements, 
if  required,  can  be  obtained  by  iterating  this  procedure, 
using  each  new  crossing  point  as  an  initial  scattered- 
ray  source.  A  simple  alternative  procedure  for,  in 
effect,  tracing  rays  backward  in  time  would  be  to  define 
a  "complementary  refractive  index,"  in  which  the  sense 
of  the  wind  vector  is  reversed. 


Delinition  of  a  common  volume  is  occasionally 
blurred  by  the  proximity  of  upgoing  and  downcoming 
rays,  in  view  of  the  finite  dimensions  of  real  sounding 
beams.  One  such  case  is  that  of  a  monostatk  sounding  : 
another  arises  in  bistatic  soundings  made  upwind, 
where  a  wind  shear  can  cause  upgoing  and  downcoming 
rays  to  intersect  in  more  than  one  location.  In  such 
cases  gating  the  echo  in  delay  time  appears  to  be 
necessary  to  provide  adequate  height  resolution. 
Refractive  corrections  are  then  needed  to  convert  travel 
time  to  distance  along  the  ray  path. 

VII.  ANGLE  OF  ARRIVAL  IN   MONOSTATIC 
SOUNDINGS 

Mahoney  el  al.  have  recently  suggested  that  one  can 
determine  wind  profiles  by  measuring  the  angle  of 
arrival  of  the  scattered  energy  as  a  function  of  delay 
time  in  a  vertical  monostatic  sounding.  The  dependence 
of  angle  of  arrival  on  the  wind  field  is  difficult  to  cal- 
culate in  general  because  it  requires  knowledge  of  the 
ray  path.  Furthermore,  the  angle  depends  on  the  tem- 
perature field  as  well.  However,  if  we  consider  an  iso- 
thermal atmosphere  with  \  =  u(z),  a  useful  estimate  of 
the  relationship  can  be  made  as  follows:  Equate  the 
ground  range  X  of  a  ray  launched  vertically  in  the  wind 
field  u(z)  with  that  of  a  ray  launched  at  an  angle  <j>c  with 
the  vertical,  in  a  wind  field  —  «(z),  and  solve  for  <f>c 
(reversing  the  wind  direction  allows  us  to  "retrace"  the 
scattered  ray).  Mathematically,  to  first  order  in  u/C, 

X  =        <f>dz=  I     (        -Kdz'+<t>\lz 

=  I      I    k  dz'  dz, 

Jo    Jo 


(62) 


where  Z  is  the  scattering  height  and  k  is  the  ray  curva- 
ture of  Eq.  54.  We  can  solve  for  <f>c  by  defining 


u(Z)=- 


Z  J, 


(z)  dz, 


(63) 


which  is  the  average  value  of  the  wind  up  to  height  Z. 
The  arrival  angle  is  then 


*,(Z)  =  2u(Z)/C. 


(64) 


Thus,  if  temperature  gradients  can  be  neglected,  one 
could  determine  u(Z)  if  <t>c(Z)  can  be  measured  by  delay- 
time  gating.  Then  u(Z)  could  be  determined  from  u(Z) 
by  a  suitable  inversion  process. 

If  the  wind  azimuth  is  essentially  constant  up  to  Z, 
the  azimuth  of  arrival  indicates  the  wind  azimuth.  If 
wind  azimuth  varies  with  height,  the  azimuth  of  arrival 
gives  approximately  the  average  wind  direction  up  to  Z, 
but  an  exact  analysis  is  not  straightforward. 


1404 


Volume  52         Number  5  (Port  2) 


1972 


39 


ACOUSTIC    SOUNDING     IN     A     REFRACTING    ATMOSPHERE 


VIII.  SUMMARY 

The  refractive  correction  to  the  magnitude  of  the 
Doppler  shift  is  given  in  general  by  Eq.  24  and  in 
certain  special  cases  by  simpler  forms,  Eqs.  26  and  28. 
The  correction  appears  to  be  small  (i.e.,  second-order) 
and  is  probably  negligible  under  conditions  in  which 
acoustic  sounders  presently  operate. 

Refraction  causes  first-order  changes  in  the  scattering 
angle  (Eq.  16)  and  in  the  direction  upon  which  the 
wind  vector  is  projected  by  Doppler  measurements 
(E(|.  iS).  The  axis  no  longer  bisects  the  scattering  angle 
when  winds  introduce  anisotropy  into  the  refractive 
index.  Refractive  corrections  to  the  scattering  angle 
may  be  required  in  measurements  that  depend  critically 
on  the  attainment  of  a  particular  scattering  angle. 

Doppler  measurements  also  respond  to  changes  in 
refractive  index  caused  by  net  wind  or  temperature 
changes  along  the  sounding  path  as  indicated  by 
Eq.  i.  P'or  present  sounding  geometries,  Doppler  shift 
produced  by  motions  at  the  scatterer  appear  to  dom- 
inate over  realistic  integrated  wind  or  temperature 
changes.  This  may  not  be  true  as  sounding  heights 
increase,  however. 

Refraction  also  displaces  the  atmospheric  volume 
interrograted  by  acoustic  sounders.  Present  soundings 
in  the  atmospheric  boundary  layer  may  suffer  displace- 
ments of  a  few  percent  at  most,  but  soundings  to 
greater  altitudes  could  encounter  appreciable  displace- 
ments. In  extreme  cases,  refraction  can  make  certain 
parts  of  the  atmosphere  inaccessible  to  acoustic 
sounding.  Refractive  displacements  can  be  estimated  in 
model  atmospheres  with  linear  sound-speed  or  wind 
gradients  because  the  ray  paths  are  circular. 

Angle  of  arrival  in  monostatic  vertical  soundings  can 
indicate  average  wind  up  to  the  scattering  height. 


Acoustic  Doppler  sounding  to  much  greater  atmo- 
spheric heights,  using  lower  acoustic  frequencies,  does 
not  appear  to  pose  any  fundamental  problems. 
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NU -AVERAGED  INFRARED  ABSORPTION 
COEFFICIENTS  OF  WATER  VAPOR 


R.  F.  Calfee  and  R.  L.  Schwiesow 


We  report  the  quantitative  absorption  coefficients  of 
water  vapor  in  a  format  suitable  for  calculation  of  water 
vapor  absorption  spectra  characterized  by  instrumental  band- 
passes  of  1  cm~l  or  greater  in  the  670  to  1450  cm~l  region. 
These  coefficients  are  derived  from  individual  line  parameters 
of  H2O  and  represent  a  useful  way  of  reducing  line  parameter 
data  to  a  practical  volume  of  information  for  1  cm-*  resolu- 
tion spectra  of  the  troposphere.  Transmission  spectra  for 
three  water  vapor  concentrations  show  typical  applications  of 
the  absorption  coefficient  tables.  The  application  of  the 
data  is  restricted  to  conditions  within  10%  of  1  atmosphere 
pressure  and  a  temperature  of  296  K  if  a  transmission  accuracy 
of  2%  is  to  be  maintained. 
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Relative  Raman  cross  section  of  03  for  four  Ar    laser  frequencies* 

R.  L.  Schwiesow  and  N.  L.  Abshire 

Wave  Propagation  Laboratory.  ERL/NOAA,  Boulder.  Colorado  S0302 
(Received  8  March  1973) 

We  have  measured  the  relative  Raman  scattering  cross  sections  of  O]  (referred  to  N2)  and  the 
depolarization  ratios  at  four  argon-ion  laser  pump  frequencies  to  be,  respectively,  2.3  and  0.05  at 
20  981  cm"',  2.5  and  0.03  at  20  487  cm"',  2.8  and  0.04  at  20  135  cm"1,  and  2.2  and  0.10  at  19  430 
cm"'.  The  estimated  uncertainty  in  cross  section  is  ±12%  and  in  depolarization,  ±0.01,  although 
the  cross  sections  at  different  frequencies  are  thought  to  intercompare  to  ±5%  or  less.  An  improved 
sample  preparation  technique  was  used.  We  found  no  dependence  of  cross  section  on  pressure  and 
only  weak  evidence  for  any  resonance  dependence  on  pump  frequency. 


A  recent  letter  by  Fouche  and  Chang1  reported  the 
Raman  scattering  cross  section  of  03,  relative  to  that 
of  N2,  for  an  incident  laser  frequency  of  19  430  cm"1 
(5145  A)  without  analysis  of  polarization  effects.  We 
have  studied  Os  scattering  for  four  different  laser  pump 
frequencies,  with  complete  polarization  analysis  and 
with  a  sample  measuring  technique  based  on  scattering 
and  pressure  measurement  rather  than  ultraviolet 
absorption. 

The  obvious  application  of  laser  Raman  scattering  to 
air  pollution  and  other  remote  real-time  gas -composi- 
tion analyses  for  atmospheric  studies  is  well  known. 
Additional  impetus  for  the  work  is  based  on  the  possi  - 
bility  for  resonance  cross-section  effects  because  of 
the  Chappuis  absorption  bands9'4  in  the  visible.  Reliable 
values  for  the  Raman  scattering  cross  section  of  O,  are 
important  for  gas  analysis,  resonance  enhancement,  and 
many  other  studies.  Our  results  differ  significantly  from 
the  previous  results  for  relative  cross  section. 

The  Raman  spectrum  of  O,  given  by  Selig  and 
Claassen6  indicates  i>,  and  v2  fundamentals  at  Raman 
shifts  of  1103.3  and  702.1  cm'1,  respectively.  These 
frequencies  are  consistent  with  our  measurements. 
Since  the  vt  band  is  significantly  stronger  than  e2,  we 
have  measured  the  cross  section  of  the  1103.  3-cm"1 
band  only.  The  relative  Raman  cross -section  values 
reported  here  are  referenced  to  the  scattering  cross 
section,  per  molecule,  of  N,  for  the  same  laser  pump 
without  a  v*  correction.  To  convert  these  Os  values  to 
absolute  scattering  cross  sections,  the  N2  data  of 
Penney,  Goldman,  and  Lapp"  should  be  used.  The  re- 
ported depolarization  ratios  are  in  the  same  notation  as 
that  of  Murphy  et  al.  ,7  who  give  p  =  0.055  for  N2  from 
an  analysis  of  earlier  data.8 

Details  of  the  data  collection  and  analysis  techniques 
used  in  our  laboratory  for  Raman  cross -section  mea- 
surements of  fluids  will  be  presented  in  a  subsequent 
report.  Ozone  sample  preparation  and  measurement 
methods  are  important  to  the  present  discussion,  how- 
ever. The  O,  used  for  these  measurements  was  prepared 
in  the  sample  cell  by  a  modification  of  the  silent  elec- 
tric discharge  technique1'  in  a  cell  similar  to  that  of 
Zaslowsky  et  al.10  A  cylindrical  sample  cell  shown 
schematically  in  Fig.  1  is  5  cm  in  diameter  by  7  cm 
long.  It  is  fitted  with  a  5-cm  quartz  window  for  collect- 
ing the  scattered  light  along  the  cell  axis  and  with  two 
1 . 5-cm  quartz  windows  for  passing  the  incident  laser 
beam  perpendicular  to  the  cell  axis.  Scattering  is  mea- 
sured at  right  angles  to  the  incident  laser  beam.  The 
vacuum  envelope  of  a  Dewar,  which  is  perpendicular  to 


and  above  the  cell  axis,  communicates  with  the  cell 
volume,  as  does  a  freeze  tip  below  and  also  perpendicu- 
lar to  the  cell  axis.  Foil  electrodes  on  the  inner  and 
outer  walls  of  the  Dewar  are  connected  to  a  12-kV  trans- 
former. The  cell  generator  is  connected  to  a  high- 
vacuum  gas -filling  station  through  a  halocarbon -greased 
stop  cock.  The  critical  parameter  in  the  system  is  the 
ratio  of  N,  pressure,  with  the  freeze  tip  immersed  to  a 
fixed  level  in  liquid  nitrogen,  to  the  pressure  when 
the  entire  system  is  at  ambient  temperature.  This  ratio 
was  determined  to  a  reproducibility  uncertainty  of  2% 
for  the  cell  used  in  these  measurements. 

To  prepare  a  sample,  the  cell  generator  is  filled  to  a 
known  pressure  of  pure  Oa  and  sealed  off.  After  filling 
the  top  Dewar  and  cooling  the  freeze  tip,  essentially  all 
02  is  converted  to  O,  by  the  silent  discharge.  The  Dewar 
is  warmed  to  the  ambient  temperature  while  the  freeze 
tip,  immersed  to  the  predetermined  level  in  liquid 
nitrogen,  collects  all  Os.  The  system  is  then  filled  with 
N2  and  sealed  off.  Although  some  conversion  of  03  to  02 
occurs,  both  the  partial  pressure  of  N2  and  the  total 


FIG.  1.  Cell  used  for  generation  of  O3  and  measurement  of 
Raman  scattering  cross  section  of  O3  relative  to  that  of  N2. 
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TABLE  I.  Relative  Raman  scattering  cross  section  of  Os. 


Inciden 

t  laser 

Relative 

cross 

Depolarization 

(cm"1) 

section 

(±  12%) 

U0.01) 

20  891 

2.3 

0.05 

20  487 

2.5 

0.03 

20  135 

2.8 

0.04 

19  430 

2.2 

0.  10 

number  of  O  atoms  In  the  sample  are  accurately  known. 
In  practice,  partial  pressures  of  O,,  approximately  400 
Torr,  and  N2,  approximately  350  Torr,  were  used. 
Compared  to  the  previous  quantitative  work,1  the  cell- 
generator  technique  has  the  advantage  of  (i)  larger  O, 
pressures  for  increased  spectroradiometric  accuracy, 
(ii)  simultaneous  presence  of  O,  and  the  N,  cross -sec- 
tion reference  gas  in  the  cell,  and  (iii)  03  concentration 
deduced  from  pressure  and  Raman  measurements  only, 
without  involving  additional  apparatus  or  measured 
(absorption)  parameters. 

A  sampling  sequence  for  each  laser  pump  frequency 
and  polarization  includes  measurements  of  the  integrated 
Q-branch  Raman  scattering  intensity  for  N2,  O,,  03,  Oa, 
and  N2.  Assuming  an  02  relative  cross  section"  of  1.20 
and  averaging  the  two  N2  and  02  values,  one  can  deter- 
mine (i)  the  partial  pressure  of  02  and  therefore  Oa  and 
(ii)  the  relative  scattering  intensity  and  hence  the  cross 
section  of  Os.  Of  course,  the  instrument  quantum  effi- 
ciency as  a  function  of  frequency  and  polarization  must 
be  accurately  known.  The  ratio  of  03  to  N2  cross  section 
is  based  on  actual  pressure  ratios  and  signal  strength 
ratios.  Results  of  these  measurements  are  given  in 
Table  I.  The  uncertainty  estimates  include  uncertainty 
in  N2  pressure  (2%),  03  pressure  (4%),  relative  quan- 
tum efficiency  determinations  (2%),  and  relative  inten- 
sity measurements  (2%).  The  uncertainty  in  depolariza- 
tion and  an  additional  2%  in  cross  section  arise  princi- 
pally from  the  necessary  solid-angle  corrections  to  the 
raw  data. 

The  total  sample  pressure  was  Intentionally  kept  near 
1  atm  to  reproduce  any  pressure  quenching  effects  on 
possible  03  fluorescence.  We  observed  no  cross -section 
dependence  on  ozone  or  buffer  gas  pressure  within  ex- 
perimental uncertainty  for  pressures  as  low  as  250 
Torr,  and  therefore,  no  fluorescence  contribution, 
either  broad  band  or  sharp,  exists  for  the  O,  scattering 
in  this  region.  Vhile  no  striking  resonance  effects  were 
observed,  the  data  show  significant  frequency  depen- 
dence. The  cross  sections  in  Table  I  inter  compare  to 
5%  uncertainty  since  the  same  sample  was  used  in  the 
determinations.  The  Chappuis  bands  exhibit  an  Increas- 
ing absorption  coefficient  from  approximately  23  000  to 


17000  cm"',  but  with  local  slope  reversals  and  struc- 
ture. The  data  show  a  generally  increasing  trend  with 
lower  pump  frequencies  consistent  with  the  resonance 
notion  that  larger  Raman  cross  sections  are  associated 
with  larger  absorption  coefficients.  A  smaller  scatter- 
ing cross  section  for  the  lowest -frequency  19  430-cm'1 
pump  indicates  that  (i)  obviously  the  relationship  be- 
tween cross  section  and  absorption  coefficient  is  not 
simple,  and  (ii)  the  O,  absorption  must  be  known  in 
high  resolution  near  the  laser  emission  lines  if  a  de- 
tailed test  of  resonance  and  preresonance  Raman  scat- 
tering relationships  is  to  be  made  from  these  Raman 
cross -section  results. 

Our  results  are  not  within  experimental  uncertainty  of 
the  previously  reported  value  of  4.0  (without  an  uncer- 
tainty estimate)  for  the  relative  Raman  cross  section  of 
Oj.  The  difference  of  approximately  80%  between  these 
two  values  may  be  the  result  of  differences  in  sample 
measurement  techniques,  which  were  previously  dis- 
cussed, or  in  achieved  signal-to-noise  ratios.  In  this 
experiment,  the  laser  power  of  1  W  was  larger  by  a  fac- 
tor of  3  and  the  sample  concentration  was  larger  by 
approximately  a  factor  of  10  than  in  the  previous  study, 
which  implies  a  5  or  6  times  better  signal-to-noise 
ratio.  If  one  assigns  a  50%  uncertainty,  which  may  be 
reasonable  in  view  of  a  laser  signal-to-noise  ratio  and 
ultraviolet  absorption  coefficient  uncertainty,  to  the 
early  work,  the  results  of  the  two  studies  are  indeed 
consistent. 

We  have  measured  the  relative  03 :  N2  Raman  scatter- 
ing cross  section  and  the  depolarization  for  03  scattering 
at  four  of  the  strongest  argon -ion  laser  frequencies. 
These  data  should  be  useful  for  calibrating  remote  gas- 
composition  sensors  and  for  studying  resonance  scatter- 
ing effects.  No  pressure  effects  were  noted.  No  obvious 
resonance  effects  were  observed.  A  useful  extension  of 
this  work  would  be  to  use  krypton-ion  laser  pump  fre- 
quencies closer  to  the  peak  of  the  Chappuis  absorption 
bands. 
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ACOUSTIC  DOPPLER  MEASUREMENTS  OF  THE  TOTAL  WIND  VECTOR 
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The  ability  to  measure  remotely  a  detailed 
profile  of  the  winds  up  to  heights  of  one  kilometer 
would  be  of  significance  in  several  operational 
and  research  problems.     A  sensor  that  could  make 
such  measurements  might  be  used  for  monitoring 
wind  shear  at  airports,    to  sense  the  magnitude 
and  direction  of  winds  in  an  air  pollution  situation 
and  to  study  boundary  layer  dynamics. 

The  use  of  an  acoustic  echo  sounder  for 
this  purpose  was  suggested  by  Little  (1969)  and 
a  similar  technique,    at  ground  level,   was 
demonstrated  by  Kelton  and  Bricout  (1964). 
Beran,    Little,    and  Willmarth  (1971),    and  Beran 
and  Willmarth  (1971)  have  more  recently  attempted 
to  use  the  Doppler  method.and  to  extend  the 
measurements  to  much  higher  elevations. 

The  basic  principle  involves  interrogating 
the  medium  with  a  sound  pulse  of  a  known  fixed 
frequency.     Natural  turbulent  scattering  of  this 
sound  wave  will  result  in  the  re-radiation  of  a 
portion  of  the  acoustic  energy  back  to  a  receiver. 
If  the  medium  which  re- radiated  the  sound  is 
moving,    the  frequency  of  the  returned  wave  will 
be  Doppler  shifted  by  an  amount  proportional  to 
the  component  of  the  velocity  of  the  medium  along 
the  direction  of  the  bisector  of  the  vertex  angle 
formed  by  the  incident  and  scattered  ray  paths. 

The  theory  of  acoustic  wave  propagation 
and   scattering  have  been  sufficiently  covered 
elsewhere  (see  for  example:    Tatarski,   1961; 
Kallistratova,   1961;  Monin,    1962;  Clifford  and 
Brown,   1971),    and  therefore  will   not  be  repeated 
here.     It  should  be  noted,    however,    that  the 
scattering  of  an  acoustic  wave  results  primarily 
from  naturally  occurring  temperature  and  wind 
inhomogeneities.      The  amount  of  energy  scattered 
is  a  function  of  the  angle  between  the  incident  ray 
as  it  leaves  the  scattering  volume  and  the  scattered 
ray.      When  this  angle  is  180     (backscatter )  only 
temperature  fluctuations  contribute  and  when  it 
is  90     (normal  to  the  incident  ray)  no  scattering 
will  result.     Knowledge  of  this  variation  in 
scattering  strength  with  angle  is  important  for 
determining  the  optimum  configuration  of  antennas 
for  a  Doppler  system.     In  what  follows  we  Will 
refer  to  a  colocated  transmitter  and  receiver 


as  a  monostatic  system,    and  to  a  transmitter 
and  receiver  which  are  separated  by  some 
distance,    but  aimed  at  a  common  volume  as  a 
bistatic    system  . 

The  derivation  of  wind  speed  from  a  Doppler 
shift  can  best  be  explained  by  referring  to  Figure 
1.     Sound  transmitted  from  an  antenna  at  T  and 
having  a  frequency  f     impinges  upon  some 
scattering  volume  at  0.     If  this  scattering  volume 
is  moving  with  the  velocity,   V  the  frequency  of 
the  sound  wave  received  at  R  will  be  some  new 
value,    f   ,    and  we  can  derive  a  difference  fre- 
quency,   ^f  =  f     -  f   ,   proportional  to   V.     With 

the  transmitted  frequency  expressed  ^s  a  wave 

vector  K     and  the  scattered  wave  as  K   ,   the 
o  s 

difference  frequency,   or  Doppler  shift,    can  be 

written  in  vector  notation  as 
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where  V  is  the  wind  component  in  the  plane  form- 
ed by  the  transmitted  and  received  beams.  Writ- 
ing Equation  (1)  in  terms  of  the  wavelength  X    of 
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Fig.   1.     Wave  vector  diagram  showing  the  com- 
ponent of  the  wind  measured  by  a  Doppler  shift. 


kk 


the  carrier  wave,    the  angle  8  between  the  total 
wind  vector  V   in  the  plane  and  the  component 
being  measured,    and  the  scattering  angle  9   we 
have 
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where  Vcos  Sis  now  the  magnitude  of  the  wind 

resolved  along  the  vector  K     -  K   .     Note  that 

s  o 

the  direction  of  this  component  is  the  bisector 

of  the  angle  formed  by  the  intersection  of  the 

transmitter  and  receiver  beams  and  will  only  be 

truly  radial  for  a  monostatic  system. 

If  X     is  replaced  by  C/f     where  C  is  the 
o  o 

speed  of  sound,    and  the  magnitude  of  the  wind 

component  being  measured  is  solved  for,   we 

have 
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This  development  assumes  that  refraction  or 
bending  of  the  beams  is  negligible.      The  effects 
of  refraction  and  a  more  detailed  development  of 
the   Doppler  equation  will  be  found  in  Appendix  A. 

Using  Equation  (3)  and  the  knowledge  that 
the  direction  of  this  wind  component  will  be  along 
the  bisector  of  the  antenna  axes  several  equipment 
configurations  can  be  envisioned  for  measuring 
the  wind  vector.     For  example,    using  a  single 
vertically  pointing, monostatic  system  which  is 
pulsed,    a  profile  of  the  vertical  wind  vector  can 
be  measured  by  selecting  gates  at  successive 
distances  along  the  antenna  beam.     The  vertical 
wind  can  also  be  measured  at  a  single  height  by 
using  a  bistatic  system  with  the  elevation  angles 
(0    and  6    in  Figure  1)  set  equal.      The  first  method 

was  demonstrated  by  Beran,    Little,    and  Willmarth 
(1971). 

Clearly,    in  order  to  sense  a  component  of 
the  horizontal  wind  the  axis  of  Doppler  resolu- 
tion must  be  off  vertical.     For  the  monostatic 
system,    this  simply  requires  that  the  beam  be 
tilted  and  for  the  bistatic  case  the  two  antennas 
must  be  arranged  with  assymetric  elevation 
angles.      A  second  experiment  by  Beran  and 
Willmarth,   (1971)  tested  both  tilted  monostatic 
and  bistatic  systems.     It  was  concluded  from 
this  work  that  while  the  monostatic  system  gave 
better  accuracy  for  a  given  elevation  angle 
(because  the  component  being  measured  was 
closer  to  the  horizontal). the  bistatic  configuration 
was  superior  for  applications  requiring  continual 
operation  (because  of  the  much  stronger  returned 
signal  typical  of  forward  scatter). 

The  bistatic  work  used  only  two  horns,    hence, 
measured  only  the  component  of  the  wind  in  the 
plane  formed  by  the  intersection  of  their  beams. 


The  experiment  described  in  this  paper,    extended 
this  concept  to  use  three  antennas,   one  pointing 
vertically  and  the  other  two  positioned  along 
orthogonal  axes  centered  on  the  first  and  tilted 
so  as  to  intersect  a  common  volume  along  the 
beam  of  the  vertically  pointing  antenna.     By 
pulsing  only  the  vertical  system  and  receiving  the 
return  from  the  common  volume  at  all  three 
antennas,    three  components  of  the  wind  can  be 
measured  and  converted  into  the  total  wind  vector 
at  that  height. 

A  sketch  of  the  field  set  up  for  making 
these  measurements  is  shown  in  Figure  2.      The 
equipment  van  containing  the  sounder  electronics 
was  located  near  the  center  of  the  triangle  formed 
by  the  three  antennas.     A  15  meter  tower  with 
wind  sensors  at  2  and  15  meters  was  located  near 
this  point. 
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Fig.    2.     Schematic  of  the  field  setup  for  testing 
the  3  axis  acoustic   Doppler  wind  technique.      The 
spacing  of  the  antennas  was  varied  from  150  m  to 
200  m. 

A  major  difficulty  in  this  work  was  devising 
a  method  for  making  an  independent  measurement 
of  the  wind  at  or  near  the  volume  being  interro- 
gated by  the  sounder  in  order  to  obtain  some 
estimate  of  the  system  accuracy.     During  a  recent 
experiment  conducted  in  Australia  by  McAllister 
(1971)  the  wind  was  measured  by  both  acoustic 
Doppler  and  by  an  angle -of-arrival  technique 
(McAllister  et  al.   1969).     While  McAllister's 
results  were  most  encouraging  the  method  of 
comparison  suffered  from  the  fact  that  the  two 
winds  being  compared  were  not  the  same.     The 
Doppler  measurements  gave  a  wind  at  some  height 
above  the  ground  while  the  angle-of-arrival  method 
sensed  the  average  wind  between  the  ground  and 
that  volume. 

The  independent  wind  measurement  used 
here  and  in  the  bistatic  work  described  above 
(Beran  and  Willmarth,    1971),    employed  a  tethered 
kytoon  operated  by  the  National  Center  for 
Atmospheric  Research.      This  device,    called  a 
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Boundary  Layer  Profiler  (BJLP),    measures  the 
magnitude  of  the  wind  vector,   pressure,    tempera- 
ture and  humidity  and  can  be  tethered  to  float 
at  the  altitude  at  which  the  Doppler  measurements 
are  being  made.     It  was  not  placed  in  exactly  the 
same  volume, as  the  acoustic  echo  from  a  helium 
filled  balloon  would  obliterate  the  return  from 
natural  scattering.      The  BLP  has  the  disadvantage 
that  it  does  not  sense  the  wind  direction,    a  factor 
which  was  difficult  to  resolve  during  the  earlier 
work  when  only  one  component  of  the  horizontal 
wind  was  being  measured,    but  was  of  less  impor- 
tance for  the  present  three-axis  tests  where  the 
total  wind  vector  was  derived.     The  nearest  wind 
direction  available  for  comparison  was  that 
sensed  by  the  wind  vane  on  the  15  meter  tower. 
This,    combined  with  reports  on  the  orientation 
of  the  kytoon,    gave  a  crude  estimate  of  the  wind 
direction  at  the  volume  being  interrogated. 

The  equipment  used  was  similar  to  that 
described  by  Wescott,    Simmons  and  Little  (1969) 
with  the  exception  that  two  receiver  channels  and 
gimbal  mounted  antennas  were  added.     Basic 
equipment  parameters  are  listed  in  Table  1. 

Table  1 
Acoustic  Echo  Sounder  Parameters 

Peak  Power  7.5  watts  (acoustic) 

Pulse  Width  50  ms 

Pulse  Repetition  Frequency  .  5  sec 

Maximum  Range  340  meters 

Beam  Intersection  Height  150  and  200  meters 

Carrier  Frequency  1750  Hz 

Antenna  Diameters  122  cm  and  152  cm 


Elevation  Angle 
Receiver  Bandwidth 


90°,    45°,    45° 
100  Hz 


For  this  set  of   trials     the  elevation  angles 

6  ,    at  the  two  passive  receivers  were  set  at  45 
r 
and  the  spacing  between  the  vertical  antenna  and 

the  two  passive  receivers  was  varied  from  150  to 

200  meters  in  order  to  gain  a  clearer  picture  of 

the  range  capability  of  the  system.     Earlier 

results  indicated  that  elevation  angles  >  60 

caused  an  unacceptable  degradation  of  the  derived 

horizontal  winds,    especially  for  bistatic  operation. 

Data  reduction  followed  procedures  similar 
to  those  described  earlier  (Beran,    Little,    and 
Willmarth  1971,    and  Beran  and  Willmarth,   1971) 
with  the  exception  that  a  digital  computer  was 
used  to  determine  the  frequency  spectra  at  the 
proper  gated  interval.     Again,    the  spectra  from 
several  succeeding  pulses  were  averaged  in  order 
to  obtain  greater  spectral  stability  and  wind 
resolution.     The  BLP  provided  an  integrated 


wind  reading  every  twenty  seconds.      The   Doppler 
winds  were  derived  from  the  average  of  ten 
sounder  pulses  (20  seconds)  making  the  two 
samples  compatable. 

Despite  the  advantages  of  using  the  BLP 
for  measuring  an  independent  value  of  the  wind 
speed,    there  are  certain  drawbacks  which  must 
be  accounted  for  when  comparisons  are  made 
with  the   Doppler  wind  records.     The  physical 
separation  of  the  BLP  and  the  scattering  volume 
averaged  about  100  meters  and  was  a  function 
of  the  wind  direction  at  the  time  of  the  measure- 
ment.    Winds  blowing  from  right  to  left  (as 
referenced  to  Figure  2)  would  cause  the  separation 
to  be  greater  because  of  the  natural  tendency  for 
the  kytoon  to  drift  with  the  wind  until  the  restrain- 
ing force  balanced  the  lift  and  wind  force.     In 
addition,    small  changes  in  the  wind  speed  during 
a  series  of  measurements  caused  the  distance 
between  the  BLP  and  Doppler  volume  to  vary  as 
a  function  of  time.     These  aspects  of  kytoon 
flight  somewhat  complicated  the  analysis  pro- 
cedures and  no  doubt  were  a  factor  in  some  of 
the  observed  difference  between  the  BLP  and 
Doppler  measured  winds. 

The  data  samples  from  the  BLP  and 
Doppler  were  cross-correlated  at  varying  lag 
times  until  maximum  correlation  was  achieved, 
thus  compensating  for  the  distance  between  the 
two  points  being  measured.     As  a  check,    this  value 
was  then  compared  with  the  lag  calculated  from 
the  mean  wind  speed  and  direction  during  a 
given  run  and  the  constant  separation  distance 
between  the  two  volumes  being  sensed.       For 
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Fig.    3.     Example  of  the  horizontal  wind  speed 
measured  by  Doppler  (solid  curve)  and  BLP 
(dashed  curve)  and  the  wind  direction  measured 
by  Doppler  and  a  wind  vane  at  15  meters.  Doppler 
and  BLP  values  are  at  a  height  of  150  m  and  are 
unfiltered  20  sec  average  winds.     The  Doppler 
records  are  lagged  48  sec  to  compensate  for  the 
distance  between  the  two  sensors. 
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example,    the  maximum  correlation  for  the  two 
sets  of  wind  data  shown  at  the  top  of  Figure  3 
occurred  with  a  48  second  lag.      The  average  wind 
speed  during  this  time  was  about  2.5  mps  from 
the  east,    a  direction  which  would  tend  to  move 
the  kytoon  to  a  point  about  25  m  further  than  the 
100  meter  constant  distance  between  the  two 
volumes.      Thus,    the  total  distance  separation 
was  about  125  meters,    or  a  lag  of  50  seconds, 
very  close  to  the  values  found  by  cross-correla- 
ting the  two  records.      The   Doppler  wind  speed 
trace  shown  in  Figure  3  has  been  shifted  48  sec 
and  good  general  agreement  can  be  seen.     Evi- 
dence of  the  varying  lag  produced  by  oscillations 
of  the  kytoon  during  the  run  is  still  present;   as 
can  be  noted  by  the  opposing  shifts  between  the 
peaks  in  the  curves  at  13:13  and  13:15.      A  re-check 
of  the  original  data  for  such  factors  as  noise  in 
the  Doppler  spectrum  did  not  reveal  the  cause  of 
the  large  deviation  of  the  Doppler  wind  from  the 
BLP  wind  near  13:11.     One  physical  explanation 
for  the  presence  of  this  apparently  anomalous 
event  might  be  that  the  measurements  were  made 
during  rather  strong  thermal  plume  activity  and 
the  two  data  samples  may  have  been  in  slightly 
different  regions  of  an  individual  plume. 

Wind  direction  comparisons,    an  example 
of  which  are  shown  in  the  lower  portion  of  Figure 
3,   were  quite  good  considering  the  uncertainty 
introduced  by  the  large  vertical  separation  between 
the  two  points  being  measured.     Runs  were  made 
during  both  unstable  and  stable  conditions.      Not 
unexpectedly,    the  best  agreement  for  the  wind 
direction  was  found  during  the  unstable  cases  when 
less  turning  of  the  wind  with  height  was  present. 
The  direction  measurements  were  considered  of 
secondary  importance  for  this  series  of  tests 
and  it  was  assumed  that  if  the  magnitude  of  the 
total  wind  vector  could  be  correctly  measured 
that  the  direction  would  not  be  far  off. 


methods  was  about  2  m/s.      This  portion  of  the 
data  was,    of  course,    eliminated  from  the  final 
comparison  which  was  based  on  a  total  of  30 
minutes  of  wind  records  taken  under  both  stable 
and  unstable  conditions. 

While  the  lag  correlation  technique  dis- 
cussed above  compensated  for  the  spacing  between 
the  BLP  and  the   Doppler  volume,    there  is  no 
justification  for  comparing  spectral  wavelengths 
shorter  than  this  distance.      In  order  to  derive  a 
meaningful  statistical  comparison  of  the  two  data 
samples,    these  shorter  wavelengths  were  re- 
moved from  the  data  with  a  low  pass  filter.     The 
time  constant  for  the  filter  must  be  a  function  of 
the  spacing  between  the  two  points  measured  and 
the  mean  wind  speed  along  the  path,    hence  the 
optimum  filter  was  different  for  each  case.      For 
example,    the  observed  wind  speeds   ranged  from 
calm  to  6  m/s  and  the  spacing  ranged  from  75  to 
150  meters.     For  higher  wind  speeds  the  time 
constant  could  have  been  as  low  as  10  or  15  seconds, 
but  for  very  low  wind  speeds  the  optimum  time 
constant  was  of  the  order  of  two  minutes  or  more. 
An  example  of  the  effect  of  this  filtering  is  shown 
in  Figure  4,    where  the  data  have  been  low  pass 
filtered  with  a  time  constant  of  one  minute. 
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Fig.    4.     Example  of  Doppler  and  BLP  wind 
records  after  low  pass  filtering.     Filter  time 
constant  was  one  minute. 


A  total  of  about  two  hours  data  were 
collected  on  the  separate  runs  which  ranged 
from  ten  minutes  to  1  hour  in  length.     An  indivi- 
dual run  consisted  of  first  taking  a  vertical  pro- 
file of  the  temperature,   wind  speed  and  pressure 
with  the  BLP,    then  tethering  the  kytoon  at  the 
altitude  the  Doppler  measurements  were  being 
made;  the  run  ended  with  a  second  BLP  vertical 
profile.      The  level  at  which  the  BLP  was  tethered 
was  determined  by  monitoring  the  pressure  dur- 
ing its  first  ascent  and  then  stopping  at  a  pre- 
determined value.     No  adjustments  in  height 
were  made  during  the  run.      This  procedure  proved 
inadequate,    especially  on  longer  runs  where  it 
was  found  later  that  the  kytoon  height  varied  up 
to  40  meters  from  its  expected  level.     This  was 
especially  unfortunate  during  the  run  made  under 
inversion  conditions  where  a  marked  peak  in  the 
wind  profile  was  found  about  50  meters  below  the 
Doppler  measurements.      The  BLP  drifted  into 
this  stronger  wind  region  with  the  result  that  the 
mean  difference  in  the  winds  measured  by  the  two 


The  spacing  and  wind  speed  for  this  period 
suggest  that  the  time  constant  should  have  been 
even  longer,    a  possible  explanation  for  the 
deviation  shown  in  the  figure. 

The  final  comparison  of  the  two  data  samples 
is  shown  in  Figure  5,    and  in  Table  2.     Here  a 
filter  time  constant  of  two  minutes  was  applied 
to  the  30  minute  data  sample,    thus,    eliminating 
the  shorter  wavelengths  at  even  the  lowest  wind 
speeds. 

The  average  value  for  the  two  samples  are 
remarkably  close,    however,    the  regression  line 
slope  of  .95  and  Y  intercept  of  0.21  m/s  suggests 
that  the  Doppler  method  may  have  a  slight  ten- 
dency to    underestimate   at  lower  speeds.      This 
discrepancy  is  in  part  due  to  the  start  speed 
(0.  5  m/s)  of  the  cup  anemometer  used  on  the  BLP. 
The  anemometer  output  was  designed  so  that  a 
constant  reading  of  0.  5  m/s  was  given  for  all 
speeds  less  than  that  value.      While  no  speeds 
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Fig.    5.     Scatter  diagram  of  Doppler  vs.    BLP 
winds.     Records  were  lagged  to  compensate  for 
spacing  between  the  Doppler  and  BLP  (see  text) 

Table  2 
Comparison  of  BLP  and  Doppler  Measured  Winds 


Average  Doppler 

Average  BLP 

Standard  Deviation,  Doppler 

Standard  Deviation,    BLP 

Regression  Line  Slope  and 
95%Conf.   Interval 

Y  Intercept 

95% Confidence  Factor 


2.33  m/s 
2.  42  m/s 
0.95  m/s 
0.94  m/s 

0.95  ±.09 
0.21  m/s 
0.  09  m/s 


this  low  are  shown  on  the  scatter  diagram  in 
Figure  5,    these  false  high  values  would  have 
been  averaged  in  with  the  correct  values  above 
0.  5  m/s,   introducing  a  BLP  wind  at  low  speeds 
which  was  slightly  too  high,    and  causing  the 
regression  line  slope  to  appear  low.      This 
explanation  seems  more  plausable  than  the 
possibility  of  refraction  bending  the  beams  and 
creating  a  false  scatter  angle,    a  factor  which 
was  postulated  in  an  earlier  paper  (Beran  and 
Willmarth,    1971),   but  in  light  of  the  calculation 
in  Appendix  A  appears  to  be  of  only  minor 
importance  at  the  altitudes  and  wind  speeds 
encountered  during  this  experiment. 

This  experiment  has  demonstrated  that 
acoustic  Doppler  techniques  can  be  used  to  pro- 
vide wind  speeds  and  directions  at  altitudes  up 
to  at  least  200  meters  with  a  resolution  as  good 
as  standard  operational  meteorological  wind 


sensors.     Physical   constraints    imposed  by  the 
experimental  setup  (the  distance  between  the 
Doppler  scattering  volume  and  the  BLP  and  the 
rather  high  inertia  cup  anemometer  on  the  BLP) 
made  it  impossible  to  assess  the  higher  resolu- 
tion capability  of  the   Doppler  technique.      The 
limits  on  this  resolution  can  be  estimated,    how- 
ever,   by  noting  the    constraints  i  nposed  by  the 
equipment  and  the  analysis  techniques. 

Looking  first  at  the  expected  spatial 
resolution  of  the  system,  we  can  assume  that 
the  winds  being  measured  were  the  spatial  average 
of  all  wind  components  within  the  scattering  volume. 
For  the  mode  of  operation  used  the  boundary  of 
this  volume  is  formed  by  the  intersection  of  the 
three  beams  and  the  gate  length  for  the  vertical 
system.     Using  a  beam  width   of  8     and  a  gate 
length  of  100  ms  we  find  a  scattering  volume  with 
a  mrximum   horizontal  dimension  of  =30  m  and  a 
maximum  vertical  depth  of  «  34  m. 

The  velocity  resolution  can  be  estimated  by 
using  Equation  3  and  assuming  that  at  least  l/4 
cycle  of  Doppler  shift  is  the  minimum  detectable 
value.     At  a  carrier  frequency  of  1750  Hz  and  a 
pulse  width,    T,    of  50  ms,    there  would  be  about 
87  cycles  of  carrier  in  each  pulse.     Using  this 
value  for  f     Tin  Equation  3  we  find  a  resolution  of 
i  0.  5  m/s.     By  averaging  the  spectra  from  pulse 
to  pulse  we  improve  this  resolution  by  a  factor  of 
(n)        /2   where  n  is  the  number  of  pulses  averaged. 
For  the  10  pulse  averages  used  above  the  velocity 
resolution  would  be  about  =0.15  m/s.      This 
improved  resolution  is  gained  partially  at  the 
expense  of  spatial  resolution,    due  to  the  mean 
motion  of  the  wind  stretching  the  effective  volume 
being  interrogated  for  each  extra  pulse  that  is 
averaged. 

Other  methods  for  improving  the  resolution 
can  be  used.     For  example,    both  the  pulse  width 
and  the  carrier  frequency  can  be  increased  in 
order  to  introduce  more  cycles  in  each  pulse. 
In  the  final  analysis  the  specification  of  resolution 
must  depend  on  each  application,    and  then  such 
things  as  the  loss  of  range  due  to  increased 
absorption  at  higher  frequencies  must  be  balanced 
against  the  desired  increase  in  resolution.     If  the 
ultimate  resolution  of  the  acoustic  Doppler  shift, 
derived  from  the  first  moment  of  the  spectrum, 
does  not  meet  the  requirements  for  certain  classes 
of  micro  scale  measurements  it  is,    of  course, 
possible  to  consider  the  information  contained  in 
the  second  moment  of  the  returned  frequency 
spectra.     While  improved  resolution  will  be  a 
high  priority  goal  for  research  applications  it 
will  also  be  important  to  develop  techniques  for 
measuring  complete  vertical  profiles  of  the  total 
wind  vector.      This  will  be  especially  important 
for  such  operational  applications  as  monitoring 
the  wind  shear  above  airports  (Beran  1971),    and 
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observing  the  drainage  winds  associated  with  air 
pollution. 

Three  methods  for  making  such  vertical 
profile  measurements  are  at  least  conceptually 
feasible.     One  would  use  phased  steerable  antennas 
in  place  of  the  fixed  beam  receivers,    to  sweep  the 
vertical  beam.      A  second  method  might  employ  a 
fan  beam  segmented  into  smaller  sectors,    each 
connected  to  a  separate  receiver.     The  third 
method  would  use  the  same  fixed  beam  configura- 
tion shown  in  Figure  2,    but  with  all  three  sounders 
operated  in  an  active  monostatic  mode  at  slightly 
different  frequencies.     Here,    the  signals  at  the 
three  receivers  could  be  gated  at  intervals  along 
their  respective  beams,    and  Doppler  shifted 
frequencies  extracted  for  equal  heights  above 
the  surface.     Clearly,    the  three  wind  vectors 
thus  measured  will  be  in  the  same  volume  only 
at  the  height  where  the  three  beams  intersect. 
In  order  to  use  the  radial  wind  components  at 
other  heights,    above  and  below  the  beam  intersect 
point,    it  is  necessary  to  assume  horizontal  homo- 
geneity for  a  distance  equivalent  to  the  spacing 
between  the  volumes.     For  45     elevation  angles 
and  200  meter  spacing  this  distance  is  on  the 
order  of  200  meters  at  the  extreme  top  and 
bottom  of  a  500  meter  profile.     Employing 
Taylor'  s  hypothesis  of  time  and  space  stationarity 
and  a  one  minute  time  average  the  assumption  of 
horizontal  homogeneity  does  not  appear  too 
restrictive. 

The  potential  of  the  second  method  is 
clearly  shown  in  Figure  6,    a  time  section  of  the 
isotachs  for  the  total  horizontal  wind  (m/s)  under 
an  oscillating  inversion.      The  winds  used  to  pro- 
duce these  isotachs  were  derived  solely  from  the 
Doppler  shifts  recorded  by  three   separate  mono- 
static  acoustic  sounders.      Ten  height  intervals 
ranging  from  the  lowest  at  84  meters  to  the 
highest  at  480  meters  were  used  to  make  the 
analysis.     The  loss  of  accuracy  at  the  extremities 
of  the  profile  due  to  a  lack  of  horizontal  homo- 
geneity cannot  be  assessed  as  BLP  profiles  were 
not  available  for  the  test.     The  remarkable 
continuity  of  the  pattern,    however,    speaks  for 
itself. 
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Fig.    6.     Time  section  of  isotachs  for  horizontal 
wind  (m/s)  winds  were  derived  solely  from 
acoustic   Doppler  measurements  using  three 
separate  monostatic  systems. 
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APPENDIX  A 

THE  DOPPLER  FORMULA  AND  CORRECTIONS 
FOR  REFRACTION  EFFECTS 

Figure  1A  illustrates  the  changes  in  the 

scattering  geometry  produced  by  atmospheric 

refraction.     Three  basic  effects  are  considered: 

first,    the  relocation  of  the  scattering  volume   -  an 

integrated  function  of  wind  shear  and  temperature 

gradient  -  second,    a  shift  in  the  axis  of  resolution 

of  the  Doppler  wind  component  from  8,  to  6      and 

d  d 

third,    a  change  in  the  magnitude  of  the  measured 

wind.     These  changes  are  with  respect  to  the 

scattering  geometry  introduced  by  the  transmitter 

and  receiver  configuration. 

Our  approach  for  estimating  the  first  effect 
was  to  use  an  acoustic  ray  tracing  program 
(Georges,    1971)  and  insert  a  linear  horizontal 
wind  shear  of  50  m/sec/km  and  a  linear  tempera- 
ture gradient  of  -  8    K  per  kilometer.     For  the 
particular  case  of  the  transmitter-receiver 
geometry  of  Figure  lA.we  observed  a  vertical 
drop,    Oi~ -  12  m,    and  a  horizontal  displacement, 
fix  ~4  m.     These  rather  severe  gradients  have 
introduced  a  fractional  uncertainty  in  height  of 
(£h/h)~0.  06  and  in  horizontal  displacement  of 
(Ax/x)~0.  02. 

The  second  and  third  effects  are  solely  a 
function  of  the  wind  velocity  and  temperature  at 
the  end  points  of  the  path  and  may  be  treated 
analytically.     For  simplicity  we  assumed  a 
horizontally  stratified  temperature  and  horizontal 
wind  field.     Further,    the  displacement  calculated 
above  must  not  move  the  scattering  volume  to  a 
different  wind  and  temperature   stratum  than  would 
be  observed  without  refraction.     This  appears 
reasonable  since  the  displacement  calculation 
above  indicates  that  we  remain  within  the  ideal 
scattering  volume  of  the  sounder  even  under  such 
severe  conditions. 


The  new  scattering  angle  9    is  easily  calcu- 
lated from  Snell' s  law,    i.e.,    the  invariance  of 
the  horizontal  component  of  the  wave  vector  at 
the  scattering  volume  and  at  the  receiver.     From 
Figure  1A 


K    'cos  (9' 
s 

where  K 


)    =     K 


K     and  K 


(1A) 


K     are  the  descend- 


ing wave  vector  magnitudes  at  the  scattering  volume 
and  receiverjrespectively.     (Note  that  the     incident 
wave  vector  K     remains  vertical  despite  ray  bend- 
ing).    From  the  definition  of  the  acoustic  refrac- 
tive index, 

C 


C  + 
we  obtain  from  Eq. 
sin  9  ,    the  equation 
C     sin  9 


K 


(1A),   writing  cos  (9    -  -  ) 


(3A) 


[■ ■-,       =  cos  o       , 
C  +  v  sin  6' I  r 

where  C     is  the  mean  speed  of  sound  in  air 
o 

(C  —340  m/sec),    and  C  is  the  speed  of  sound  at 

the  scatterer,   which  varies  with  temperature 

alone.     If  we  now  assume  a  small  deviation  in 

angle,    i.e.,    9' =  9  -    \d,   where  ^9«  1  rad.  ,    and 

note  from  the  original  geometry  that  cos  9    =  sin  8, 

Equation  (3A)  gives 


tan  9     1 


c 

-1 

o 

v 

sin  9 

C 

C 

(4A) 


Fig.   1A.     Schematic  of  the  geometry  used  to 
analyze  the  effect  of  refraction  and  ray  bending. 
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If  we  assume  that  C  =  C     ±  AC,   we  obtain  to  first 
o 

order  in   JC/C     and  v/C     the  expression. 


\0  =   -  tan 


si 


fl±    AC 
n0±    - 


(5A) 


Note  that  A0  is  not  the  change  in  Doppler  resolu- 
tion angle  6  -  0  .  It  is  only  the  change  in  angle 
of  the  wave  vector  K        from  its  original  angle. 


This   result,    as  for  the  upward  leg,    results  in 

w 

C 


cos  Of   ~  1.     Returning  to  Figure  1A,   we  havt 


n,(b)  =  C   /C  and  n   <b) 
1  o  2 


C  +  v  cos  (A'  -  -^ 


where  C  is  the  speed  of  spund  at  the  scattering 

volume.      The  quantity,    (7—1   ,    is  the  projection  of 
Idt/i 

v  onto  the  ascending  ray  path  and  is  given  by 


The  third  effect  is  the  addition  of  first 
order  perturbations  in  v/C  to  the   Doppler  equation. 
This  effect  is  not  included  in  Equation  (1)  of  the 
text.      To  consider  this  problem,   we  must  return 
to  the  basic  definition  of  a  Doppler  frequency 
shift  as  the  number  of  wavelengths  per  second 
change  in  phase  path.      This  is  mathematically 
described  by 


X  = 


277     dt      / 
a(t) 


b(t) 

K 


n(s)  cos  a(s) ds     .    (6A) 


Equation  (6A)  contains  the  path  integral  of  the 
projection  of  the  wave  vector  K     n(s),    onto  the 
true  ray  path.      The  integral  is  taken  between  end 
points  that  vary  with  time.      The  angle  (k(s)ia  the 
angle  between  the  tangent  to  the  ray  path  and  the 
wave  vector  at  each  point  along  the   ray  trajectory. 
We  are  counting  up  the  number  of  wavelengths  per 
second  that  the  total  path  length  changes. 


g^    =vcos    (f    -a,)       . 
Simplifying  again  for  v/C  «1,    we  obtain 

«      •      -i  •      ,  r       /db\ 

A  similar  calculation  for  \-r-\      gives 


(8A) 


(9A) 


~  v  cos  (0'  -  a     -  -  )  -  v  sin  0'  +  vl^jcos    e'.(lOA) 


Rewriting  Equation  (7A)  after  inserting 
Equations  (9A)  and  (10A)  and  the   respective  indices 
of  refraction,   we  obtain 


—  -TT<&{S 


(sin  0'    +  ^    cos26') 
(1  +  I     sin  6') 


(HA) 


For  our  discontinuous  path,    and  ignoring 
time  changes  in  the  background  refractivity,    i.  e.  , 
heating  of  the  entire  path,    Equation  (6A)  reduces  to 

k 

(b)  cos 


"  =  "  2T 


1 


n    (b)  cos 


(7A) 


the  subscripts  1  and  2  refer  to  the  ascending  and 
descending  rays  respectively.  To  first  order  in 
v/C,    cos  Q:   (b)  =  cos  a   (b)  =  1.      This  is  most 

easily  seen  in  analyzing  the  ascending  ray.  The 
angle  a    between  the  vertical  K     and  the  ray  path 

is  clearly  OL   =  tan     (v/C).     (This  is  simply  the 
direction  the  wave  would  travel  when  moving 
vertically  with  a  velocity  C  and  translated  horizon- 
tally with  a  velocity  v).      Therefore,    cos  a  —cos 
(v/C)  or,    to  first  order,    cos  a.  ~  1.      A  similar 
analysis  of  the  oblique  triangle  consisting  of  the 
wave  vector,    the  tangent  to  the   ray  path  and  the 
wind  velocity  on  the  descending  ray, yields, 


-1 


cos   8 
sin  6'  + 


and  to  first  order  in  v/C,   a    ~ 


cos  6 


Noting  that  k   C   /2T7  =  f     and  retaining  only  first 
000  B  J 

order  terms  inside  the  brackets,   we  may  write 
the  fractional  Doppler  shift  as: 


-if 


sin  0 


2v 

c 


(12A). 


The  angle  0  ,    itself  a  function  of  v/C,    may  be  set 
equal  to  9  in  the  second  term,    valid  to  second  order 
in  v/C.     Then,   with  the  assumption  of  a  small 
angle  correction  0    =  0  -  A0  in  the  first  term,   we 
obtain 


*-® 


0-  21 


A0cos  0  ,     (13A) 


where  A0  is  given  in  Equation  (4A).      Again,    assume 
C  =  C     ±AC  and  disregard  terms  of  higher  than 
second  order  in  AC/C     or  v/C    .     Equation  (13A) 

then  becomes 
Af  v 

r  =  c  sir 


c    8ine 


(14A) 


The  first  term  in  Equation  (14A)  is  exactly  the 
term  we  obtain  from  the  approximate  Doppler 
equation  (Equation  (1)  in  text).     The  last  term  is 
the  correction  for  refractive  effects  produced  by 
the  wind  at  the  scattering  volume.     Note  that  in 
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proceeding     from  Equation  (13A)  to  (14A),    the 
temperature  effects,    i.e.,    the  change  in  the 
speed  of  sound,    C  from  its  mean  value,    C    ,    are 
canceled  by  the  last  term  involving  the  change  in 
angle,    ^9. 

To  find  the  new  wind  velocity,    solve  the 
quadratic  Equation  (14A)  and  select  the  negative 
square  root.      This  gives  the  new  wind,    fractional 
bandwidth  relation  in  the  final  form. 


2   sin  6 


[■-(,-,«/,/*]. 


(15A) 


If  we  further  assume  that  Af/f    «  0.  25,    and 

expand  Equation  (15A)  in  a  binomial  series  valid 

to  second  order  in  Af/f   ,   we  obtain 
c  o 

o        /Af\r,         Af  "1  ,,,A. 

v=  ^re-(-r)[1+  r\  •  (16A) 


Thus,    the  fractional  error  in  velocity,    f   ,    incurr- 
ed by  using  Equation  (1)  is 

v  i 

o 

To  estimate  the  angular  displacement  of  the 
axis  of  wind  resolution  due  to  refraction,   we  re- 
turn to  Equation  (7A)  and  again  make  the  assump- 
tion cos  a    =  cos  O  ~1,    valid  to  first  order  in  v/C. 

db 
Recalling  that  —  is  the  projection  of  the  wind 

along  the  tangent  of  the  ray  trajectory,    we  may 

write 

/db\  -      ;  ,  /db\      _>        - 

I— I  =    v   •  V,  and  I-7-I  =  v  •   I 

\dt/,  1  Vdt/                 2 

\   /l  \  /2 

where  i.   and  i    are  unit  vectors  tangent  to  the 

ascending  and  descending  rays  respectively. 
Inserting  the  respective  indices  of  refraction, n 
and  n  , and  factoring  out  common  terms,    Equation 
(7A)  becomes 

r  =  fc-rvsmej  *  •  [*2 " (1  +  i  sin  e'>  h}  (17A) 

Equation  (17A)  involves  the  projection  of  the  wind 
vector  v  onto  an  axis  defined  by  the  vector  quantity 
in  the  brackets.     We  need  to  determine  the  orien- 
tation of  that  vector.     Using  the  angular  informa- 
tion in  Equations  (8A)  and  (9A),  we  may  resolve 
this  vector  into  vertical  and  horizontal  components 
and  compute  its  angle,    8    ,    shown  in  Figure  1A. 
From  the  geometry  of  Figure  1A,£   is  clearly 
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sin  a     x  +    cos  a 


(18A) 


sin(8    -  a    )  -  (1  +  —   sin  0')  sin  a 

tan  8,'  = (2  0A) 

d    ™ 


T-cos  <e' -  a2)+  (1  +£ 


in  6 )  cos  a 


If  we  simplify  (20A)  to  first  order  in  —  ,    it  be- 
comes 


tan  9, 


sin  9  -  (A9  +  a    )  cos  9  -  a 

1  -  cos  9  -  (A9+  a     -  p  sin  9 


(21A) 


If  we  express  9.,     as  6, 
d  d 


8,  +  A9,  and  retain  terms 
d  d 


on  the  left  side  of  Equation  (21  A)  to  first  order  in 

A0.,    we  obtain 
d 


tan  9j      -    tan  8,  +  A6j     sec    9j     , 
d  d  d  d 


(22A) 


where  0,  =    — - — 
d  2 


Inserting  Equation  (22A)  into 


Equation  (21A)  and  simplifying  to  first  order  in 
v/C, we  obtain 


2  A9, 


A0+  a     -  a    -  -     (1  +  cos  9). 


(23A) 


The  estimates  of  OL  ,    and  a     given  above, 
tion  (23/  ' 


inserted  into  Equati 


A9, 


iA)  reduce  it  to  the  form 


(  1  +  cos  9) 


(24A) 


If  we  insert  Equation  (5A)  into  Equation  (24A) 

after  letting  C  =   C0  ±   AC  and  again  retain  terms 

to  first  order  in  AC/C     and  v/C    ,   we  finally  obtain 
o  o 


^d  = 


v     CI  +CC  9)' 

C  COS  6 

o 


±i  -fl 


(25A) 


Equation  (25A)  defines  the  first  order  angu- 
lar fluctuation  of  the  axis  of  Doppler  wind  resolu- 
tion due  to  refractive  effects.     A  numerical  esti- 
mate may  be  found  by  using 


AC 
C 


yielding 


A9,~  0.025 
d 


0.05  and  9=  135 


0.121  ±1 


For  the  worst  case  the  plus  sign  applies,    leaving 
CB    =    0.  028  rad.     To  calculate  the  percent  error  in 
wind,    i  ,    caused  by  this  angular  fluctuation,  we 
note  from  Figure  IA, 

€ 


A 8,  sin  9, 
d  d 


-w 


cos- 


or,   for  v  =  0.  05  C     and  9  =  135    ,    t    =0.  01. 
o  v 


where  x   and  z   are  unit  vectors  in  the  horizontal 
and  vertical  directions  respectively.     Similarly, 

I    =  sin  (9'  -  a   )  x   +  cos  (8'  -  a   )    z  ,       (19 A) 

where  9   =  9  -  A9.     Inserting  Equations  (18A)  and 
(19A)  into  Equation  (17A),  we  find  the  relation 


In  summary,    the  effects  of  refraction  pro- 
duce a  new  Doppler  expression  Equation  (16A) 

valid  for  v/C     «  1,    AC/C     <<  1  and  Af/f    «  1. 
00  o 

This  expression  is  valid  to  second  order  in  these 

three  small  quantities.     Equation  (16A)  represents 

a  fractional  correction  in  the  measured  wind 
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(     -  Av/v,    equal  to  the  measured  fractional  band- 

v  ' 

width,    i.  e.  , 

C      =    Af/f 
y  o 

Conversely,    the  usual  Doppler  formula,    Equation 
(3),   is  valid  to  this  order  of  accuracy.     Normally, 
we  observe  Af/f     <    0.  04,    and  hence  our  winds 
determined  from  Equation  (3)  are  in  error  by  4%. 
The  change  in  position  of  scattering  volume 
appears  from  our  calculations  to  be  less  than 
the  original  scattering  volume  and  hence  is 
negligible.     The  change  in  the  angle  of  Doppler 
wind  resolution  is  given  by  Equation  (25A)  and 
produces  an  additional  1.  0%  error  in  our  wind 
estimate,    for  the  assumed  worst  case  conditions, 

v  =  0.  05  C   ,    AC/C       =  0.  05     . 
o  o 
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Abstract.  This  paper  is  a  brief  summary  of  recent  experimental  studies  conducted  by  the  WPL  staff 
in  order  to:  (a)  compare  acoustic  echo  strengths  with  those  predicted  from  measured  turbulence 
intensities  and  scatter  theory;  (b)  develop  optimum  experimental  geometries  for  Doppler  work,  and 
(c)  use  the  acoustic  echo-sounder  as  a  quantitative  tool  in  studies  of  gravity  wave  dynamics  in,  and 
immediately  above,  the  stable  planetary  boundary  layer.  We  find  that  the  observed  acoustic  echo 
strengths  are  roughly  an  order  of  magnitude  greater  than  those  predicted  theoretically.  This  discrep- 
ancy might  be  in  part  due  to  partial  reflection  although  the  comparison  is  somewhat  clouded  by 
uncertainties  in  our  knowledge  of  the  equipment  characteristics,  propagation  losses,  etc.  Comparisons 
between  Doppler  and  in  situ  wind  measurements  give  confidence  in  the  Doppler  results,  but  further 
experimentation  and  comparisons  are  needed.  Preliminary  use  of  acoustic  Doppler  data  in  a  case 
study  of  gravity-wave  dynamics  in  the  planetary  boundary  layer  has  yielded  boundary-layer  wind 
speed  and  direction  profiles  which  give  insight  into  the  mechanisms  responsible  for  the  wave  genera- 
tion. The  Doppler  data  yield  estimates  of  the  wave  associated  momentum  fluxes  (~a  few  dyn  cm-2) 
as  well.  The  results  derived  from  the  acoustic  techniques  are  quite  encouraging,  but  thus  far  remain 
unsubstantiated  by  independent  wind  and  flux  measurements. 

1.  Introduction 

From  the  start,  acoustic  echo-sounder  facsimile  records  of  boundary-layer  turbulent 
structure  have  provided  valuable  qualitative  insights  into  the  nature  of  physical 
processes  at  work  in  the  planetary  boundary  layer.  With  the  aid  of  such  records,  it 
is  often  a  trivial  matter  to  visualize  the  structure  and  dynamics  of  regularly  occurring, 
characteristic  features  of  the  boundary  layer  such  as  wave  generation  by  shear-flow 
instability  and  thermal  plume  development,  and  to  understand,  often  for  the  first 
time,  how  these  events  manifest  themselves  on  conventional,  in  situ,  measurements. 

Of  potentially  greater  importance  to  the  development  of  our  understanding  of 
gravity  waves,  turbulence  and  atmospheric  stability,  however,  is  the  fact  that  the 
amplitudes  and  the  frequency  spectra  of  the  returned  acoustic  echoes  contain  quan- 
titative information.  In  particular,  the  echoes  hold  forth  the  promise  of  remote 
measurement  of  boundary-layer  wind  profiles  as  well  as  profiles  of  the  turbulence 
intensity  (Little,  1969).  In  principle,  such  measurements  would  provide  data  on  the 
possible  role  of  the  boundary-layer  wind  shears  responsible  for  gravity  wave  genera- 
tion, the  wave-associated  momentum  transport,  wave  breaking  and  the  concomitant 
production  of  turbulence,  and  the  turbulent  energy  dissipation,  for  example. 

Whether  such  quantitative  observations  can,  in  fact,  be  usefully  made  in  practice 
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depends  upon  the  spatial  and  temporal  resolving  power  of  the  acoustic  systems,  as 
well  as  their  sensitivity  and  accuracy.  These  system  characteristics  are  strongly 
coupled,  so  that  in  most  cases  the  improvement  of  system  performance  in  any  one 
respect  results  in  deterioration  of  system  performance  in  others.  However,  just  which 
system  qualities  are  most  desirable  for  boundary-layer  work,  and  how  serious  a 
limitation  these  tradeoffs  will  prove  to  be,  remain  unknown.  Thus,  more  research  is 
needed  in  order  to  realize  most  effectively  the  potential  of  acoustic  echo-sounding 
for  atmospheric  studies.  We  need  to  develop  our  understanding  of  the  scattering  and 
partial  reflection  mechanisms  producing  the  observed  acoustic  echo-returns.  The 
scattering  theory  (see  review  by  Little  (1969))  applies  only  to  scattering  from  volumes 
of  locally  homogeneous  and  isotropic  turbulence  many  times  larger  than  the  outer 
scale.  We  need  to  extend  this  theory  so  that  it  describes  the  scatter  from  the  much 
smaller  volumes  of  (possibly)  inhomogeneous  turbulence  occurring  in  the  presence 
of  strong  background  temperature  and  wind  gradients.  We  need  to  develop  optimal 
equipment  configurations  for  the  Doppler  velocity  determinations,  and  to  perform 
extensive  calibration  of  this  equipment  with  respect  to  conventional  in  situ  measure- 
ments. And  finally,  we  must  use  the  acoustic  echo-sounder  in  atmospheric  wave  and 
turbulence  studies,  in  order  to  judge  accurately  its  effectiveness  in  such  work,  and 
to  learn  how  to  improve  its  performance.  Quite  obviously,  these  are  major 
theoretical  and  experimental  problems  which  by  no  means  have  been  solved; 
here  we  shall  simply  summarize  recent  progress  made  by  the  WPL  staff  in  each 
of  these  areas. 

2.  Observed  Acoustic  Echo  Strengths  Compared  with 
Theoretical  Predictions 

We  shall  begin  by  comparing  the  observed  strength  of  the  acoustic  echo  returns  with 
those  predicted  from  in  situ  measurements  of  the  temperature  structure  constant  and 
the  theory  of  acoustic-wave  scatter  in  homogeneous,  isotropic  turbulent  media  as 
developed  by  Kallistratova  (1961),  Monin  (1962),  and  Tatarski  (1971).  Details  of  the 
scatter  theory,  the  experimental  configuration,  and  the  data  comparisons  are  to  be 
described  in  a  paper  that  is  now  in  preparation;  only  a  few  salient  points  will  be 
discussed  here.  In  the  experimental  comparisons,  the  acoustic  echo  power  Pr  is 
related  to  the  transmitted  power  P  by  the  so-called  radar  equation 

Pr      act  , 

P      ~2  L'  0) 

where  a  is  the  scattering  cross  section,  c  is  the  speed  of  sound,  t  is  the  pulse  width,  R 
is  the  range,  A  is  the  antenna  area,  and  L  is  a  factor  containing  the  equipment  effi- 
ciencies, antenna  gain  and  the  atmospheric  absorption  (a  function  of  temperature, 
humidity,  carrier  frequency,  and  range).  According  to  Little  (1969),  <r(6),  the  scat- 
tered power  per  unit  volume  per  unit  incident  flux  per  unit  solid  angle  at  the  angle 
d  from  the  initial  propagation  direction,  is  given  by  the  formula 
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<r(0)  =  O.O3A:1/3cos20   -f  cos2-  +0.13 


re2      20  C2  «k 

-4  cos2-  +  0.13- 

[c2       2         r 


1/3  ml.2fl     r»  ™c2  v     ,    n  t  i  ^T 


sin  -  J  ,  (2) 


applicable  to  homogeneous,  isotropic  turbulence.  Here  k  is  the  angular  wave  number 
and  T  is  the  temperature ;  C„  and  CT  are  the  structure  constants  for  the  wind  and  the 
temperature,  respectively,  defined  by 


C2^[v(r)-v(r  +  e)]2^2/3,     C2  =  [T(r)-r(r  +  e)]V2/3,       (3) 

where  r  is  a  position  vector  and  q  is  the  separation  vector.  In  the  experiment,  the 
backscatter  (0  =  180°)  power  returned  from  a  roughly  3-m  height  interval  centered 
at  a  fixed  height  of  95  m  was  measured,  so  that  the  echo  power  Pr  given  by  Equations 
(1)  and  (2)  depended  only  upon  C\,  and  could  be  compared  with  a  direct  measurement 
of  C2  made  at  the  same  height  by  fast-response  differential  temperature  probes 
mounted  on  a  tower  some  230  m  distant.  These  probes  were  AC  coupled  to  the  re- 
cording instruments  so  that  any  contributions  to  the  measured  CT  from  the  background 
temperature  gradients  were  effectively  removed.  The  absorption  contained  in  the 
factor  L  of  Equation  (1)  was  computed  using  temperature  and  humidity  height 
profiles  measured  by  a  movable  instrument  carriage  on  the  tower.  Because  these 
profiles  were  taken  only  once  per  hour,  the  absorption  of  sound  remains  a  source  of 
uncertainty  in  the  comparison.  The  equipment  efficiencies,  also  included  in  the  L 
term,  were  not  accurately  known  and  may  also  have  contributed  to  errors  in  the 
calculation  of  C\. 

The  scatter  theory  cited  above  does  not  include  the  effects  of  the  statistical  inhomo- 
geneity  and  anisotropy,  or  the  effects  of  background  temperature  gradients.  One 
might  therefore  be  prepared  a  priori  to  find  serious  discrepancies  in  the  experimental 
comparison,  and  this  has  indeed  proven  to  be  the  case.  The  many  hours  of  data 
available  were  found  to  contain  a  few  intervals  during  which  the  acoustic  and  in 
situ  measurements  of  C\  agreed  rather  closely,  but  there  were  many  more  hours  when 
the  acoustic  sounder  estimates  were  consistently  higher  than  those  from  the  tower 
sensor,  and  only  a  few  occasions  when  the  reverse  was  true.  When  we  confine  our 
attention,  however,  to  those  intervals  during  which  the  mean  wind  direction  was 
from  the  sounder  to  the  tower,  so  that  the  sensors  tended  to  interrogate  the  same 
volume,  and  to  those  intervals  during  which  the  variance  of  wind  speed  remained 
small  relative  to  the  mean,  so  that  the  assumption  of  stationarity  applies,  we  find, 
as  shown  in  Figure  1 ,  that  the  sounder  estimates  are  rather  consistently  higher  than 
the  tower  estimates.  The  data  have  been  low-pass  filtered  to  remove  the  contribution 
from  spatial  wavelengths  shorter  than  the  distance  between  the  two  sensors.  There 
appears  to  be  a  marked  correlation  between  the  two  records,  but  they  are  different 
in  magnitude  by  about  10-1 5  dB. 

At  present  we  are  investigating  various  possible  explanations  of  the  results.  Natural- 
ly, one  likely  possibility  is  that  the  acoustic  echo  returns  may  arise  in  large  part  from 
partial  reflection  of  the  acoustic  pulses  as  they  propagate  in  the  background  tempera- 
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Fig.  1.    Comparison  of  Ct2  measured  by  an  in  situ  sensor  and  by  a  vertically  pointing  acoustic 
echo  sounder.  The  sampling  volumes  were  at  equal  heights  above  the  ground,  but  were  separated 

by  about  230  m  horizontally. 


ture  and  wind  structure  of  the  atmosphere.  This  is  a  problem  as  old  as  wave  propaga- 
tion itself;  it  has  been  treated  in  the  clear-air  EM  radar  case  by  authors  such  as  Atlas 
(1964),  and  Ottersten  (1970). 

Several  methods  would  appear  to  be  available  for  distinguishing  partial  reflection 
in  this  sense  from  scatter  by  turbulence  in  the  medium.  We  could  compare  the 
frequency  dependence  of  the  observed  echo  return  with  that  predicted  by  scatter 
theory  (a  relatively  weak  k1/3  dependence)  and  with  that  predicted  from  partial 
reflections  (sensitive  to  details  of  the  profile,  but  in  general  terms  a  rather  strong 
fc-2  dependence). 
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A  limited  amount  of  such  data  is  already  available,  but  as  yet  it  has  not  been 
analyzed.  Figure  2  shows  two  acoustic  sounder  facsimile  records  taken  last  winter 
in  Alaska  as  part  of  a  study  of  ice  fog  inversions  run  jointly  with  the  Geophysical 
Institute  of  the  University  of  Alaska  and  supported  by  the  National  Science  Founda- 
tion. The  lower  record  was  made  using  a  sounder  operating  at  a  constant  frequency 
of  2000  Hz.  The  large  variation  in  the  intensity  of  the  signal  return  with  frequency 
(see  upper  record)  is  primarily  due  to  the  complicated  dependence  of  acoustic  absorp- 
tion on  the  carrier  frequency.  The  effect  of  this  absorption  will  have  to  be  removed 
from  the  data  of  Figure  2  before  the  validity  of  the  partial  reflection  approach  can  be 
confirmed  or  rejected  by  this  means.  Since  the  frequency  dependence  of  the  absorption 
is  likely  to  be  quite  considerable  (in  fact,  it  is  the  basis  for  theoretical  hopes  that 
acoustic  echo-sounding  may  provide  boundary-layer  temperature  and  humidity 
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Fig.  2.  Acoustic  echo-sounder  records  showing  the  change  in  echo  intensity  with  a  change  in 
carrier  frequency.  The  frequencies  used  to  produce  the  upper  half  of  the  picture  are  shown  along 
the  top.  The  lower  portion  of  the  figure  is  the  echo  return  from  a  constant  frequency  of  2000  Hz. 
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profiles  (Little,  1969;  Gething  and  Jenssen,  1971)),  it  may  completely  obscure  the 
frequency  dependence  resulting  from  the  scatter  or  reflection  mechanisms. 

Alternatively  we  could  assume  that  the  refractive  index  gradients  produced  by  the 
mean  boundary-layer  temperature  and  wind  structures  are  vertical,  so  that  the 
strength  of  the  partial  reflection  echo  should  fall  off  rapidly  as  we  steer  the  acoustic 
beam  from  the  vertical  to  off-vertical  angles.  There  is  a  limited  amount  of  qualitative 
data  of  this  type  available  as  well.  Figure  3  shows  two  acoustic  echo  facsimile  records, 
one  made  using  a  vertical  sounder  beam,  the  other  using  a  beam  inclined  at  an 
angle  of  35°9'  from  the  vertical. 

The  two  records,  in  general,  show  the  same  features,  although  those  sensed  by  the 
tilted  antenna  appear  at  correspondingly  greater  ranges  and  have  greater  apparent 
thickness.  (The  scales  on  the  left  side  of  the  figure  compensate  for  this  difference  and 
give  the  height  above  the  surface).  There  does  not  seem  to  be  any  marked  trend 
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Fig.  3.     Acoustic  echo-sounder  records  from  a  vertically  pointing  antenna  (top)  and  an  inclined 

antenna  (bottom). 
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favoring  echo  returns  from  the  vertical  direction  (top  record)  with  the  possible 
exception  of  the  thin  layer  between  0210  and  0215  at  a  height  of  170  m.  Nevertheless, 
mere  visual  evidence  of  this  type  is  inconclusive  and  quantitative  comparisons  which 
take  into  account  the  distortion  of  the  radiation  pattern  with  changes  in  antenna 
inclination,  etc.,  remain  to  be  performed. 

As  a  final  possibility,  we  could  measure  the  atmospheric  wind  and  temperature 
profiles  directly,  using  carriage  data  from  the  instrumented  tower,  and  calculate  the 
associated  refractive-index  profiles.  Making  such  measurements  with  a  resolution 
and  accuracy  sufficient  to  be  definitive  may  prove  impracticable,  however,  since  the 
most  important  partial  reflections  are  produced  by  sharp  gradients  occurring  on 
scales  small  compared  to  the  probing  wavelength.  Further  theoretical  and  experimen- 
tal studies  of  partial  reflection  mechanisms  and  their  bearing  on  the  observed  strength 
of  the  acoustic  echo  returns  are  currently  underway. 

A  second  factor,  possibly  leading  to  an  overestimate  of  C?  by  the  acoustic  echo- 
sounder,  is  the  small  size  of  the  scattering  volume  used  in  the  experiment.  As  pointed 
out,  for  example,  by  Tatarski  (1971),  there  is,  in  consequence,  a  contribution  to  the 
scatter  arising  from  spectral  components  of  the  turbulence  for  which  the  Bragg 
condition  does  not  hold  exactly.  Preliminary  estimates  suggest,  however,  that  these 
contributions  are  not  sufficiently  large  to  account  for  the  observed  discrepancy 
between  theory  and  the  experiment.  Errors  in  determining  the  beam  shape,  the 
equipment  parameters,  and  atmospheric  absorption  may  also  account  for  some  of 
the  discrepancy. 

3.  Doppler  Winds  vs.  In-Situ  Measurements 

We  now  turn  to  a  brief  description  of  an  experiment  performed  in  the  summer  of 
1971  using  a  three-antenna  Doppler  system  designed  to  measure  the  three  vector 
components  of  the  boundary-layer  wind  at  a  single  fixed  level.  The  measurements 
were  compared  with  those  from  an  anemometer  made  at  roughly  the  same  level  using 
an  NCAR  tethered-kytoon  system  known  as  the  Boundary  Layer  Profiler  (BLP). 
The  BLP  measured  only  the  total  wind  speed  and  not  its  direction;  the  only  data 
available  for  a  direction  comparison  came  from  a  wind  vane  atop  a  1 5-m  tower. 
Our  consideration  of  these  results  will  be  brief,  since  they  have  been  presented 
elsewhere  (Beran  and  Clifford,  1972)  and  since  the  comparisons  were  limited  to 
convectively  unstable  conditions  as  part  of  a  thermal  plume  study,  of  peripheral 
interest  at  best  to  this  conference.  Nevertheless,  the  wind  measurements  constitute 
the  only  calibration  or  comparison  to  date  between  the  Doppler  technique  and  wind 
measurements  by  more  conventional  means.  The  data  nicely  illustrate  the  difficulties 
and  subtleties  involved  in  such  comparisons,  and  they  serve  as  well  to  indicate  the 
degree  of  confidence  we  may  have  in  the  acoustic  echo-sounding  wind  profiles  obtained 
since,  and  discussed  in  the  next  section. 

A  schematic  of  the  experimental  geometry  and  the  antenna  configuration  used  in 
the  experiments  described  here  and  in  the  next  section  is  shown  in  Figure  4.  One  of 
the  three  antennas  was  directed  vertically.  The  other  two  were  located  along  roughly 
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Fig.  4.     Experimental  antenna  configuration  used  to  measure  winds  from  the  acoustic  Doppler  shift. 

orthogonal  axes  intersecting  the  first;  they  were  tilted  so  that  the  three  beams  inter- 
sected at  a  height  of  from  150-200  m  (depending  upon  the  antenna  spacing,  which 
was  varied  from  150-200  m).  Only  the  vertical  antenna  was  pulsed.  The  echo  return 
from  the  common  volume  was  recorded  using  all  three  antennas,  so  that  the  three 
components  of  the  wind  could  be  measured  using  the  standard  Doppler  Equation 


V  ccs/?  = 


2  sin 


'AT 

./oJ 


(4) 


(see  Figure  5). 

Here/0  is  the  transmitter  frequency  and  Af  is  the  frequency  shift  of  the  acoustic  echo 
return :  V  is  the  magnitude  of  the  wind  vector  and  /?  is  the  angle  between  the  velocity 
vector  and  the  difference  of  the  transmitted  and  scattered  wave  vectors.  In  this 
experiment  it  was  assumed  that  refraction  of  the  acoustic  pulses  could  be  ignored; 
a  recent  analysis  by  Georges  and  Clifford  (1972)  of  such  effects  suggests  that  they 
are  likely  to  be  small  in  the  boundary-layer  application.  Beran  and  Clifford  (1972) 
computed  the  spatial  and  velocity  resolutions  of  the  system;  it  was  found  to  have  a 
scattering  volume  ^30  m  on  a  side  and  a  velocity  resolution  (obtained  partially  at 
the  expense  of  the  spatial  resolution)  %  +  0. 15  m  s~ '. 

Figure  6  shows  a  comparison  between  Doppler  and  in  situ  measurements  of  wind 
speed  and  direction  for  an  eight-minute  interval  during  the  course  of  the  experiment. 
The  Doppler  records  have  been  lagged  48  s;  this  lag  corresponds  to  the  point  at 
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Fig.  5.    Schematic  diagram  showing  the  orientation  of  wave  vectors  from  a  transmitter,  T,  and 
receiver,  R.  The  vector  (K,-Ko)  represents  the  Doppler  shift  produced  by  a  wind  V. 
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Fig.  6.    Comparison  of  wind  speed  measured  by  the  Dopplei  technique  and  a  kytoon-mounted 

anemometer  (BLP)  (top).  The  lower  traces  show  the  Doppler  wind  direction  at  a  height  of  200  m 

compared  with  those  sensed  on  a  tower  at  15  m. 
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which  maximum  cross-correlation  between  the  two  sets  of  wind  data  occurred,  and 
it  compensates  for  the  spacing  between  the  BLP  and  Doppler  sampling  volumes.  The 
correspondence  between  the  two  records  appears  to  be  excellent.  What  differences 
there  are  can  be  attributed  to  the  fact  that  the  sounder  and  BLP  were  not  sampling 
the  same  volume  at  the  same  time,  and  to  changes  in  the  wind  speed  which  caused 
the  height  and  distance  from  the  sampling  volume  to  vary.  Low-pass  filtering  was 
used  to  remove  spectral  wavelengths  shorter  than  the  separation  distance  between 
the  Doppler  and  BLP  sampling  volumes.  A  total  of  30  min  of  data  that  have  been 
low-pass  filtered  with  a  time  constant  of  2  min  is  shown  in  Figure  7,  a  scatter  diagram  of 


5r 

BLP  Wind  Speed  (m/s) 
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r    =.96 
Slope  =0.95±. 09 


3- 


2- 


1  2  3  4  5  6 

Doppler  Wind  Speed    (m/s) 

Fig.  7.    Scatter  diagram  of  winds  measured  by  an  in  situ  anemometer  (BLP)  and  the  acoustic 

Doppler  technique. 

Doppler  vs.  BLP  winds.  Again  it  can  be  seen  that  there  is  good  agreement  between 
the  wind  speeds  measured  by  the  two  techniques.  The  non-zero  y-intercept  of  the 
straight-line  fit  results  from  the  0.5  m  s_1  start  speed  of  the  BLP  anemometer.  These 
biased  high  values  were  averaged  in  the  two-minute  means  causing  all  low  BLP 
winds  to  appear  too  high. 

4.  Gravity-Wave  Studies 

In  the  course  of  the  acoustic  echo-sounder  equipment  development  and  testing,  we 
have  begun  to  evolve  procedures  for  the  observation  and  study  of  gravity-wave 
dynamics  in  the  planetary  boundary  layer.  The  acoustic  echo-sounder  facsimile 
records  are  useful  in  such  studies  since  they  reveal  the  wave  motions  rather  clearly 
as  undulations  in  the  strata  of  strong  echo  returns  (Figure  8).  Indeed,  there  is  now 
some  theoretical  and  experimental  evidence  to  suggest  that  these  strata  are  themselves 
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Fig.  8.  Atmospheric  gravity  waves  revealed  by  the  acoustic  echo  sounder  as  undulations  in  the 
strata  of  strong  echo  returns  in  the  stable  planetary  boundary  layer.  The  white  line  superimposed  on 
the  facsimile  record  is  the  pressure  trace  from  a  microbarograph  located  roughly  800m  from  the 
sounder.  The  good  correspondence  between  the  two  records  is  obvious.  The  microbarograph  was 
part  of  a  four-element  array;  the  four  pressure  traces,  superimposed  and  time  shifted  to  provide 
maximum  cross-correlation,  are  also  shown.  The  wave  parameters  thus  deduced 
are  indicated  in  the  table. 

produced  by  gravity-wave  encounters  with  the  stable  planetary  boundary  layer  (Gos- 
sard  et  al.,  1971).  Nevertheless,  the  facsimile  records  alone  give  little  quantitative 
information  other  than  the  wave  period  and  a  somewhat  indirect  measure  of  wave 
amplitude  (the  vertical  displacement  of  the  strata).  They  yield  no  information  on 
wavelength  and  phase  velocity,  the  background  temperature  and  wind  structure 
in  which  the  waves  may  be  ducted,  and  the  wave-associated  momentum  and  energy 
transports,  all  of  which  must  be  known  if  the  role  of  the  waves  in  boundary-layer 
dynamics  is  to  be  properly  understood. 

To  obtain  at  least  some  of  this  missing  information,  we  have  supplemented  the 
facsimile  records  with  in  situ  measurements  of  various  kinds.  One  approach,  for 
example,  has  been  simply  to  use  acoustic  echo-sounding  facsimile  records  to  sup- 
plement the  conventional  micrometeorological  experiments  employing  towers 
instrumented  with  anemometers  and  temperature  sensors  to  measure  the  terms  in 
the  boundary-layer  turbulent  energy  budget.  The  facsimile  records  can  then  be  used 
to  select  the  events  for  analysis  and  to  show  what  boundary-layer  features  are  respon- 
sible for  the  differences  in  the  turbulence  intensity  seen  at  the  different  instrument 
levels  and  times.  This  is  the  kind  of  approach  used  with  great  effect  by  Emmanuel 
etal.  (1973)  and  Bean  etal.  (1973),  for  example. 

In  addition,  we  have  begun  to  use  the  acoustic  echo-sounder  equipment  in  conjunc- 
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tion  with  microbarograph  arrays  (Hooke  et  al.,  1972).  These  instruments  which 
detect  and  measure  small-amplitude  pressure  fluctuations  occurring  with  periods  of 
a  few  seconds  to  several  tens  of  minutes,  have  been  used  for  years  to  detect  the 
acoustic  signals  from  explosions,  severe  weather,  the  aurora,  and  other  natural  sources. 
The  arrays  provide  data  on  the  wave  amplitude,  wave  period,  horizontal  phase  speed 
and  direction  of  propagation,  and  the  horizontal  wavelength  (e.g.,  Cook,  1962,  1969; 
Cook  and  Young,  1962).  In  most  microbarograph  work,  interest  has  focused  on  the 
acoustic  signals,  while  the  pressure  fluctuations  associated  with  gravity  waves  have 
been  regarded  as  noise  to  be  eliminated  by  any  means  possible.  The  latter  tend  to  have 
a  much  larger  amplitude,  however,  so  that  they  often  appear  quite  clearly  on  the 
records  despite  considerable  filtering. 

A  comparison  between  such  microbarograph  records  and  acoustic  echo-sounding 
facsimile  records  taken  nearby  shows  rather  convincingly  that  the  microbarographs 
and  the  sounder  can  detect  the  same  waves  (See  Figure  8).  Superimposed  on  the 
sounder  record  of  this  figure  is  a  microbarograph  pressure  trace  recorded  some  800  m 
away.  The  pressure  fluctuations  and  the  short-period  undulations  in  the  echo  strata 
exhibit  an  excellent  correspondence  which  persists  for  over  six  hours.  Below  the 
acoustic  echo-sounder  record,  we  show  the  four  pressure  traces  from  the  micro- 
barograph array  (roughly  1.8  km  on  a  side  -  the  geometry  of  the  experiment  is  shown 
in  Figure  1  of  Hooke  et  al.  (1972)).  These  have  been  time-shifted  relative  to  one 
another  so  as  to  provide  maximum  cross-correlation.  The  wave  parameters  deduced 
from  these  time-shifts  are  shown  in  the  table  at  the  bottom  of  Figure  8.  There  were 
two  time  intervals  during  which  it  proved  impossible  to  determine  a  single  time-shift 
providing  good  cross-correlations,  implying  that  either  (a)  the  wave  progapation  was 
quite  dispersive,  (b)  the  wave  parameters  were  changing  very  rapidly,  or  (c)  there 
was,  in  fact,  no  wave  motion  present  during  these  intervals.  It  is  interesting  to  note 
the  chaotic  appearance  of  the  facsimile  records  during  these  intervals. 

It  turns  out  that  both  the  acoustic  echo-sounder  and  the  microbarograph  array 
are  able  to  detect  gravity-wave  motions  present  in  elevated  inversions,  even  during 
intervals  when  the  boundary  layer  itself  is  convectively  unstable.  This  can  be  seen 
in  Figure  9,  which  shows  data  taken  later  during  the  morning  of  April  14,  1971. 
Here  the  acoustic  echo-sounder  reveals  that  at  low  levels  there  is  a  great  deal  of 
convective  plume  activity  of  the  type  observed  and  discussed  by  McAllister  et  al. 
(1969),  Beran  et  al.  (1971)  and  Hall  et  al.  (1971).  This  plume  activity  manifests  itself 
on  the  microbarograph  records  as  pressure  fluctuations  of  rather  high  frequency 
which  are  essentially  uncorrelated  over  the  array.  In  addition  to  these  pressure 
fluctuations,  there  are  pressure  fluctuations  over  a  range  of  very  low  frequencies  that 
are  rather  well  correlated  over  the  array,  all  having  the  horizontal  phase  speed  and 
direction  indicated  in  the  Table.  In  addition,  they  seem  to  correlate  well  with  the 
undulations  in  the  strata  of  the  inversion  layer  capping  the  thermal  plume  activity. 
It  is  of  interest  to  note  the  apparent  interaction  between  the  waves  in  the  inversion 
and  the  underlying  thermal  plume  activity,  as  has  been  observed  by  other  authors 
(Gossard  et  al.  (1971)).  Whether  the  waves  are  generated  by  the  penetrative  convection 
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Fig.  9.  Observations  of  wave  structure  in  an  elevated  inversion  just  above  a  convectively  unstable 
boundary  layer.  The  acoustic  echo-sounder  facsimile  record  shows  the  thermal  plume  structure 
characteristic  of  the  unstable  boundary  layer,  with  the  stratified  structure  of  the  elevated  inversion 
overlying  it.  Superimposed  on  the  facsimile  record  is  the  pressure  trace  from  a  microbarograph  800m 
distant  from  the  sounder.  Some  degree  of  correspondence  is  evident.  Also  shown  are  the  pressure 
traces  from  the  four  microbarographs  of  the  array  superimposed  and  time-shifted  to  provide  maximum 
cross-correlation,  and  the  wave  parameters  deduced  therefrom. 

process  described  by  Townsend  (1966,  1968)  and  appearing  as  well  in  numerical 
boundary-layer  models  (Deardorff,  1969)  or  whether  the  gravity  waves  somehow 
control  the  thermal  convection,  is  at  present  impossible  to  say.  Further  studies  of 
this  interaction  are  currently  underway. 

We  carried  the  microbarograph-sounder  studies  one  step  further  at  Haswell, 
Colorado,  in  the  following  autumn,  by  using  not  only  a  ground-based  microbarograph 
array,  but  also  a  microbarograph  atop  the  150-m  tower,  in  order  to  study  gravity 
waves  generated  by  shear  instability  in  the  planetary  boundary  layer.  This  type  of 
wave  generation  had  been  studied  earlier  at  Haswell,  with  results  reported  by  Em- 
nanuel  et  al.  (1972)  and  Emmanuel  (1973).  Together  with  a  bivane  anemometer  atop 
the  tower,  the  microbarograph  provides  direct  data  on  the  micro-scale  wave  phase 
velocity  Vp  (measured  relative  to  die  moving  medium)  given  by  the  so-called  impedance 
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relation  (Gossard  and  Munk,  1954) 


K  = 


dp 


QoAVx 


(5) 


where  Ap  is  the  wave-associated  pressure  perturbation,  AVX  is  the  wave-associated 
horizontal  velocity  perturbation,  and  q0  is  the  background  atmospheric  density.  The 
microbarograph  and  anemometer  also  measure  the  vertical  wave  energy  flux,  which 
is  given  by 


E  =  (ApAVzy, 


(6) 


where  AVZ  is  the  wave-associated  vertical  velocity  perturbation.  In  the  one  event 
studied  in  detail  so  far  (Figure  10),  we  have  determined  that  the  wave  phase  velocity 
is  indeed  equal  to  the  wind  velocity  in  the  middle  of  the  shear  zone,  as  assumed  by 
Emmanuel  and  his  co-workers  in  their  analyses,  and  we  have  measured  a  rather 
considerable  vertical  energy  flux,  ~800  erg  cm-2  s_1.  The  results  are  discussed  in 
more  detail  in  a  separate  paper  (Hooke  et  al.,  1 973). 
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Fig.  10.    Acoustic  echo-sounder  facsimile  record  showing  the  breaking  wave  structure  characteristic 

of  wave  generation  by  shear  instability  in  the  boundary-layer  shear  flow.  This  particular  event  is 

discussed  in  detail  by  Hooke  et  al.  (1973). 

In  the  studies  described  above,  the  acoustic  echo-sounder  has  played  only  a 
supporting  role,  aiding  in  the  selection  of  events  for  analysis  and  in  the  interpretation 
of  measurements  made  using  conventional  sensors.  In  other  experiments,  however, 
the  Doppler  capabilities  of  the  technique  have  been  utilized;  for  example,  Beran 
et  al.  (1971)  have  used  acoustic  Doppler  to  measure  the  vertical  fields  within  thermal 
plumes  and  breaking  wave  structures.  In  addition,  we  now  have  about  90  min  of 
Doppler  data  taken  during  stable  conditions  using  a  three-antenna  acoustic  echo- 
sounding  system  designed  to  yield  height  profiles  of  the  three  vector  wind  components. 


67 


ACOUSTIC  ECHO-SOUNDING  TECHNIQUES 


147 


TABLE  MOUNTAIN   AUGUST  19,  1971 
Acoustic  Echo  Sounder  Facsimile  Record 


oooo 


Local  Time 


0100 


Microbarograph  Records 


Wave 

Pressure 

l/6mb 


WAVE  PARAMETERS 


V=12m/sec 
A=125° 


r~1200sec 
X~14km 


Wave 

Pressure 

l/6mb 


WAVE  PARAMETERS 


V=2.2m/sec 
A=50° 


r~400sec 
A~900m 


Fig.  1 1 .  Acoustic  echo-sounder  facsimile  record  and  microbarograph  records  for  the  early  morning 
hours  of  August  19,  1971  at  Table  Mountain.  Superimposed  on  the  facsimile  record  is  the  pressure 
trace  from  the  microbarograph  nearest  the  sounder,  to  indicate  the  degree  of  correspondence.  Im- 
mediately below  the  facsimile  record,  the  four  microbarograph  records  have  been  superimposed  and 
time-shifted  to  exhibit  maximum  cross-correlation  for  the  long-period  wave  evident  during  the 
interval  between  0000  and  0040  LT;  and  for  the  short-period  wave  prominent  after  roughly  0045 
LT.  The  wave  parameters  thus  deduced  are  shown  for  each  wave.  While  it  appears  that  the  short- 
period  fluctuations  are  correlated  only  for  two  cycles,  slight  time  shifts  markedly  improve  the  apparent 
correlation  after  this  time,  while  still  leading  to  the  conclusion  that  the  wave  phase  velocity  is  ~2m 
s_1  from  the  northeast.  The  microbarograph  sensitivity  is  dependent  upon  frequency  and  the  frequency 
difference  between  the  two  waves  is  considerable;  for  this  reason 
the  pressure  amplitude  scale  is  indicated  as  approximate. 
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The  data  were  recorded  during  the  early  morning  of  August  19,  1971.  As  might  be 
expected,  this  90-min  interval  did  not  happen  to  be  as  interesting  from  the  dynamical 
standpoint  as  a  number  of  other  periods  for  which  the  Doppler  data  are  unavailable, 
but  there  did  exist  a  certain  amount  of  wave  activity  throughout  the  interval,  and  in 
any  event  it  is  instructive  to  consider  the  kind  of  insight  the  Doppler  data  gave. 

The  Doppler  system  was  operated  in  this  experiment  in  the  same  configuration  as 
described  in  Section  3,  except  that  in  this  instance,  all  three  antennas  were  operated 
in  the  active  monostatic  mode,  at  different  frequencies.  The  signals  were  gated  at 
intervals  along  the  respective  beams,  and  the  Doppler-shifted  frequencies  were 
extracted  from  each  of  the  three  for  equal  heights  above  the  surface.  The  three  radial 
wind  components  thus  measured  are  in  the  same  volume  only  at  the  height  of  intersec- 
tion of  the  beams  (200  m),  but  provided  there  exists  horizontal  homogeneity  over  a 
distance  the  order  of  the  antenna  spacing  and  over  averaging  times  the  order  of  one 
minute,  the  data  yield  height  profiles  of  the  wind  speed  and  direction  from  roughly 
70  m  (a  lower  cutoff  determined  by  antenna  ringing,  ground  clutter,  etc.)  to  500  m 
(the  boundary-layer  thickness). 

Figure  1 1  shows  the  facsimile  record  from  the  vertically-oriented  antenna  for  the 
night  of  August  18-19,  1971.  The  record  is  unfortunately  not  so  clear  as  some; 
nevertheless  it  shows  the  usual  laminated  structure  characteristic  of  the  stable  planetary 
boundary  layer,  and  wave-associated  undulations  in  the  strata  of  strong  echo  returns.  Of 
particular  interest  here  is  a  change  in  the  character  of  the  record  beginning  at  about 
0045  LT.  This  change  manifests  itself  as  an  increase  of  the  general  intensity  of  the 
echo  returns  as  well  as  a  change  in  the  appearance  of  the  wave  motions,  and  this  is 
borne  out  by  the  microbarograph  records  taken  nearby.  During  the  first  half  of  the 
observing  interval,  the  dominant  wave  motion  is  of  relatively  long  period  (~  20  min) 
and  the  wave  is  propagating  across  the  array  from  the  southeast,  with  a  rather  high 
phase  speed  (~12  m  s_1),  as  shown  in  the  lower  half  of  Figure  11.  There  is  some 
visual  evidence  that  this  wave  motion  may  well  persist  throughout  the  remainder 
of  the  observing  interval,  from  0045-0140,  but  during  this  latter  interval  there  is 
another  wave  motion  present  as  well;  this  has  considerably  shorter  period  (~7  min) 
and  propagates  with  small  phase  speed  (~2  m  s_1)  from  the  northeast. 

Figure  12  shows  height  profiles  of  wind  speed  and  direction  computed  from  10-min 
averages  (120  pulses)  of  the  Doppler  shifts  at  ten  different  heights  between  73  and 
470  m.  The  profiles  show  evidence  of  a  low-level  wind  maximum.  The  boundary-layer 
wind-direction  profiles  change  significantly  at  about  0045  LT.  The  upper-level  winds 
become  more  easterly  while  the  lower-level  winds  shift  from  northerly  to  westerly. 
As  a  result  the  directional  shear  is  increased  considerably  after  0045  LT,  the  shear 
magnitude  reaching  3  x  10~2  s"1  in  the  vicinity  of  300  m.  This  is  a  large  value, 
perhaps  sufficiently  large  to  result  in  dynamical  instability,  in  which  case  it  would  seem 
reasonable  to  ascribe  the  source  of  the  small-scale  waves  appearing  on  the  facsimile 
and  microbarograph  records  at  this  time  to  this  shear. 

Figure  13  shows  the  isotach  contours  (contours  of  constant  wind  speed),  as  derived 
from  the  three-minute  averages  of  the  Doppler  data,  superimposed  on  the  facsimile 
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Fig.  12.     10-min  averages  of  the  vertical  profiles  of  wind  speed  (lower  half)  and  wind  direction 

(upper  half)  as  measured  by  the  acoustic  Doppler  technique.  The  time  shown  on  each  graph  refers 

to  the  central  time  of  the  10-min  average. 


record.  In  general,  the  undulations  in  these  contours  follow  even  the  higher  frequency 
undulations  of  the  strata,  seen  in  the  facsimile  record,  rather  closely. 

Encouraged  by  this  agreement,  we  decided,  as  an  exercise,  to  estimate  the  boundary- 
layer  momentum  flux  in  the  spectral  region  between  roughly  1  min  and  20  min  period 
during  this  one  and  one-half  hour  interval.  After  removing  long-period  trends,  we 
computed  the  vertical  fluxes  of  zonal  (x)  and  meridional  (y)  momentum  from  the 
formulas 
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at  10-min  intervals,  for  each  of  the  ten  heights  considered.  Because  the  data  at 
heights  away  from  the  beam  intersections  are  subject  to  some  uncertainty,  and  because 
the  momentum  fluxes  appeared  to  be  largest  at  the  250-,  294-  and  338-m  levels,  we 
concentrated  our  attention  on  the  average  of  the  fluxes  through  these  three  levels, 
plotted  in  Figure  14.  The  results  indicate  a  rather  large  flux  (3  dyn  cm-2)  of  southeas- 
terly momentum  upwards  throughout  the  early  part  of  the  observing  interval.  We 
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Fig.  1 3.     The  isotach  field  of  the  total  horizontal  wind  component  derived  from  the  acoustic  Doppler 
measurements  superimposed  on  the  facsimile  record  for  the  same  time  period.  Note  the  close  agree- 
ment between  the  wave  motions  shown  by  the  facsimile  record  and 
the  fluctuations  in  the  wind  field. 

find  it  difficult  to  attribute  a  large  flux  in  this  direction  to  anything  other  than  the 
wave  observed  propagating  from  the  Southeast.  The  data  filtering  would  cause 
this  flux  measurement  to  be  something  of  an  underestimate.  Such  a  large  flux  implies 
that  the  wave  is  either  imperfectly  ducted,  so  that  some  energy  and  momentum  are 
free  to  leak  upwards,  or  that  the  interaction  of  the  wave  with  the  orography  of  the 
site  is  causing  an  upward  energy-momentum  propagation.  The  easterly  component 
of  the  momentum  flux  decreases  considerably  during  the  second  half  of  the  observing 
interval ;  this  could  be  explained  if  the  wave  generated  by  shear  instability  during  the 
latter  half  of  the  observing  interval  produced  a  downwards  flux  of  northeasterly 
momentum  of  the  order  of  I  dyncrn"2  or  so.  This  would  appear  to  be  consistent 
with  current  ideas  of  the  momentum  transport  occurring  during  such  events. 

It  should  be  mentioned  that  the  wind  speeds  and  particularly  the  wind  directions 
measured  here  are  subject  to  some  uncertainty.  In  the  Doppler  data  processing,  we 
have  included  only  signals  of  a  strength  above  a  certain  cutoff  value,  chosen  somewhat 
subjectively:  the  horizontal  wind  directions  subsequently  determined  turn  out  to  be 
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Fig.  14.     The  vertical  fluxes  of  zonal  (x)  and  meridional  (y)  momentum  as  derived  from  the  acoustic 
Doppler  measurements.  Positive  values  correspond  to  upward  fluxes  of  eastward-  and  northward- 
directed  momentum,  respectively  (or  equivalently,  to  downward  fluxes 
of  westward-  and  southward-directed  momentum). 
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sensitive  to  the  level  of  this  cutoff.  For  this  reason,  we  cannot  claim  to  have  estimated 
the  momentum  fluxes  to  within  better  than  a  factor  of  two  or  so.  Improvements  in  the 
methods  of  data  acquisition  and  processing  should  eliminate  this  uncertainty  in 
future  experiments. 

Nevertheless,  it  is  encouraging  to  see  that  the  Doppler  data,  the  facsimile  record, 
and  the  microbarograph  data  appear  to  give  a  reasonably  consistent  picture  of  the 
boundary-layer  dynamics  during  this  one  and  one-half  hour  period.  We  are  optimistic 
about  the  usefulness  of  quantitative  acoustic  echo-sounder  data  in  future  studies  of 
gravity-wave  dynamics  in  the  stable  boundary  layer. 
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INTRODUCTION 

Control  measures  for  air  pollution  in  most  large  cities,  are  more  in  the  nature  of  an  effort 
to  lessen  the  pain,  rather  than  to  cure  the  patient.  In  this  unhappy  state,  the  role  of  monitoring 
devices,  vhich  make  possible  some  prediction  of  hazardous  conditions,  becomes  even  more  important. 

Effective  monitoring  requires  instruments  which  provide  information  on  the  concentration 
of  both  gaseous  and  particulate  matter,  and  instruments  for  monitoring  meteorological  conditions 
which  control  the  dissipation  of  the  noxious  elements.  This  paper  concentrates  on  a  relatively 
new  device,  the  Acoustic  Echo  Sounder,  which  is  particularly  well  suited  for  the  task  of  monitoring 
those  meteorological  parameters  required  for  making  intelligent  decisions  concerning  the  degree  of 
hazard  during  a  particular  event. 

It  is  common  knowledge  that  the  low  level  temperature  structure  is  a  prime  factor  in  the 
creation  of  air  pollution  events.  Severe  problems  are  associated  with  the  low  level  capping  inver- 
sion off  the  coast  of  California  and  the  Los  Angeles  basin,  an  area  where  quantities  of  polluted  air 
can  be  trapped  under  the  advected  inversion.  While  Los  Angeles  may  claim  pride  of  place  for  these 
conditions,  it  is  not,  unfortunately,  unique  and  many  other  cities  can  be  found  where  similar 
topography  -  temperature  structure  interaction  leads  to  severe  pollution  conditions. 

While  the  temperature  lapse  rate  is  of  prime  concern  in  air  pollution  meteorology,  secondary, 
and  at  times  equally  important,  effects  can  be  attributed  to  the  wind  pattern  over  a  city.  Clearly, 
wind  direction  plays  an  important  role  in  determining  the  path  pollutants  will  take  after  emission. 
In  addition,  the  strength  of  the  wind  is  important  in  determining  how  rapidly  effluents  will  be 
carried  away;  a  necessary  input  when  determining  if  a  given  emission  rate  will  produce  critical 
concentration  levels  over  a  region.  Other  meteorological  parameters,  such  as  the  presence  of  humi- 
dity and  solar  radiation,  (both  of  which  induce  chemical  reactions  of  certain  pollutants)  are 
important,  but  to  a  lesser  degree. 

A  monitoring  system  which  could  provide  a  continuous  detailed  picture  of  the  wind  and  tempera- 
ture structure  in  the  lowest  1  km  over  a  city  would  be  of  much  more  value  than  the  in  situ  meteorolog- 
ical sensors  presently  used.  In  general,  most  forecasters  must  rely  on  instrumentation  designed  to 
sample  the  larger  synoptic  scale,  and  as  such,  provide  continual  data  only  on  surface  parameters, 
upper  air  soundings  being  made,  at  most,  four  times  daily.  In  addition,  aviation  requirements  have 
often  dictated  the  location  of  these  sensors,  a  situation  not  necessarily  in  the  best  interests  of 
the  urban  meteorologist. 

It  is  suggested  that  the  acoustic  sounder  is  a  device  which  could  collect  continuous  mesoscale 
measurements  in  critical  regions  at  a  cost  significantly  below  other  proposed  methods.  Tlie  remainder 
of  this  paper  will  present  a  brief  discussion  of  the  theory  of  acoustic  sounding  followed  by  the 
results  from  recent  field  tests  which  demonstrate  the  potential  of  the  device  for  measuring  wind  and 
temperature  structure.  In  addition,  problems  relating  to  operating  in  the  urban  environment  under 
all  types  of  conditions  will  be  covered. 

THE  ACOUSTIC  ECHO  SOUNDER 

The  acoustic  echo  sounder  is,  in  principle,  not  unlike  Sonar.  A  sound  wave  is  transmitted  into  the 
medium  to  be  interrogated,  the  atmosphere.  Turbulent  wind  and  temperature  fluctuations  scatter 
some  of  this  wave  energy,  a  part  of  which  can  then  be  collected  at  a  receiver.  This  process  Is 
described  by  the  radar  equation 

Wf  4    *    ,  W 
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where  the  acoustic  power  returned  P  ,  is  a  function  of  the  power  transmitted,  P  ,  the  speed  of  sound, 
C;  the  length  of  pulse,  T;  the  area  of  the  receiving  antenna,  A;  the  range  to  the  area  where  the 
return  is  generated,  R;  the  losses,  L  due  to  absorption  and  equipment  efficiences,  and,  finally, 
the  scattering  cross  section,  a.   Theoretical  work  '2> 3  has  established  the  relationship  of  the 
scattering  cross  section  per  unit  volume,  a,   to  the  turbulence  parameters.   The  final  form  of  the 
scattering  equation  is, 


v3     . 

o-(e)  =  0.03k      cos  e 


JL     cos2  I     +  0.13     \ 
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where  a   (9)  is  the  scattered  power,  per  unit  volume,  per  unit  incident  flux,  per  unit  solid  angle 
at  an  angle,  6,  from  the  initial  direction  of  propagation.  The  wave  number  of  the  acoustic  wave  is 
represented  by  k  =  27T/X;  C  and  T  are  the  mean  speed  of  sound  and  temperature  in  the  scattering 
volume  and  C   and  C  ^  oi~*  +u~   ~+™, ~-t-,.~,~  ~~«„-t-~«-i-„  .p~„  , — n««-,-4.,.  ^>n — 4...~4..t —  — j  j j .0-1.. 

tions  respectively. 


volume  and  C._£  and  C  2  are  the  structure  constants  for  velocity  fluctuation  and  temperature  fluctua- 


The  potential  of  acoustic  echo  sounding,  first  analyzed  by  C.  G.  Little  ,  has  been  demonstrated 
by  the  work  of  several  investigators ?'  '   concentrating  mainly  on  vertically  pointing  monostatic 
(colocated  transmitter  and  receiver)  systems.  This  early  work  clearly  showed  one  of  the  possible 
roles  that  the  acoustic  echo  sounder  might  play  in  air  pollution  monitoring".  One  of  these  records 
made  by  the  repeating  traces  of  a  facsimile  recorder,  synchronized  with  the  pulses  from  the  sounder 
is  shown  in  Figure  1.   This  type  of  record  gives  a  height  time  cross  section  of  the  low  level 
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Figure  1  - 


Acoustic  sounder  record  taken 
under  stable  conditions. 


Figure  2  -  Acoustic  sounder  record  taken 
under  unstable  conditions. 


boundary  layer  structure.  Absolute  temperature  and  gradients  cannot  be  directly  determined  from 
this  type  of  presentation,  but  the  known  interaction  of  C_  with  various  stability  parameters  i.e., 
temperature  gradient  and  Richardson's  number  does  make  it  possible  to  derive  a  qualitative  assess- 
ment of  the  low  level  temperature  structure.   For  example,  regions  which  are  dark  (i.e.  showing 
strong  echoes)  can,  in  general,  be  associated  with  either  stable  or  unstable  lapse  rates  and  white 
areas  are  produced  where  conditions  are  neutral. 

It  is  then  logical  to  ask,  how  stable  regions  can  be  distinguished  from  those  which  are 
unstable V  Here,  experience  has  shown  that  distinctive  patterns  are  associated  with  the  two 
stability  regimes.  When  acoustic  returns  are  generated  in  a  stable  region,  the  pattern  will  be 
horizontally  stratified,  usually  with  a  wave  structure  superimposed  on  the  layers.   Conversely, 
when  unstable  conditions  are  present,  the  record  will  contain  predominantly  vertically  oriented 
structure.   Figure  1  is  an  example  of  the  return  from  a  stable  atmosphere.   This  can  be  compared 
with  an  unstable  case  shown  in  Figure  2.  During  the  morning  transition  periods,  when  surface 
heating  after  sunrise  starts  to  lift  an  inversion  surface,  both  patterns  can  be  observed  during 
the  same  time  period.  An  example  of  this  is  shown  in  Figure  3  where  the  quasi-horizontal  dark 
region  is  associated  with  the  remains  of  the  surface  based  nocturnal  inversion.  This  layer  is 
progressively  lifted  as  the  low  level  lapse  rate  becomes  more  unstable.   Later  the  unstable  lapse 
rate  predominates,  and  all  remnants  of  the  inversion  layer  are  gone. 
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Where  a  particular  application  requires  only  that  the  presence  and  depth  of  an  inversion  are 
known,  this  type  of  system,  consisting  of  a  single  monostatic  antanna  and  receiver,  would  suffice. 
As  indicated  earlier,  however,  the  wind  structure  under  the  inversion  is  also  a  major  concern.  The 
acoustic  echo  sounder  can  be  used  to  provide  this  type  of  information  through  a  slightly  more  complex 
configuration. 

A  component  of  the  total  wind  can  be  sensed  by  analyzing  the  Doppler  shift  of  the  returned 
signal  at  a  single  receiver.  For  monostatic  configurations,  this  component  is  directed  along  the 
axis  of  the  beam  and  for  bistatic  systems,  the  component  is  along  the  bisector  of  the  angle  formed 
by  the  intersections  of  the  two  beams.  Recent  work°>  1°>  l-l  has  tested  many  different  configurations 
and  assessed  the  accuracy  with  which  the  wind  can  be  measured  with  the  Doppler  technique.  The  most 
recent  of  these  experiments  used  three  antennas,  one  pointing  vertically  and  the  other  two  positioned 
along  orthogonal  axes  through  the  first,  and  tilted  in  such  a  way  that  the  three  beams  intersected  at 
some  height  above  the  ground  (see  Figure  k).     In  tests  with  this  configuration,  the  wind  measured  by 
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Figure  3  -  Acoustic  sounder  record  taken  during 

the  transition  from  stable  to  unstable 
conditions.  The  stable  layer  is  associa- 
ted with  the  upper  portion  of  the  dark 
areas :  Unstable  conditions  are  forming 
vertical  convective  ^ lements  below  the 
stable  layer. 


Figure  k 


Antenna  configuration  used  to 
measure  total  wind  vector. 


the  Doppler  system  was  compared  with  that  measured  by  a  Boundary  Layer  Profiler  (BLP),  a  kytoon 
mounted  anemometer  supplied  by  the  field  facilities  group  of  HCAR.   Results  of  this  comparison  are 
given  in  the  scatter  diagram  shown  in  Figure  5.   For  comparable  30  minute  samples,  the  average 
value  for  the  Doppler  method  was  2.33  m/E  a-nd  that  for  the  BLP  was  2. 1+3  m/s.  The  observed  very  close 
agreement  indicates  the  ability  of  the  acoustic  Doppler  to  measure  the  total  wind  vector  at  any  height 
within  range  of  the  system. 

By  using  the  same  configuration  as  that  shown  in  Figure  h,   but  with  all  three  systems  operating 
in  the  monostatic  mode,  it  is  possible  to  measure  a  vertical  profile  of  the  total  wind  vector.  This 
is  done  by  gating  the  signal  from  each  of  the  systems  at  distances  which  correspond  to  the  same 
height  above  the  terrain.  The  components  measured  at  each  of  the  three  gates  at  a  given  level  are 
then  averaged  for  periods  of  the  order  of  1  or  2  minutes.  The  resulting  components  are  then  resolved 
into  the  total  wind  vector  at  that  height.   (The  averaging  process,  assuming  Taylor's  Hypotheses  is 
valid,  minimizes  the  error  that  might  be  produced  because  of  the  spatial  separation  of  volumes  along 
the  beams  away  from  the  point  of  intersection.)  An  example  of  winds  measured  in  this  way  is  shown  in 
Figure  6,  a  height  time  section  of  the  horizontal  isotachs  derived  from  the  total  wind  vector  at  ten 
elevations. 

Where  absolute  temperature  information  is  required,  it  is  at  least  conceptually  feasible  to  use 
the  wind  information  and  boundary  layer  theory  to  calculate  the  temperature  gradient.  Greater  refine- 
ments might  also  be  possible  if  the  measured  intensity  of  C  '  and  C  ,  the  structure  constant  for  wind 
and  temperature  fluctuations  are  incorporated.  These  parameters  and  the  measured  wind  profile  can  be 
combined  through  empirical  boundary  layer  expressions  of  stability  to  estimate  lapse  rates  between 
very  unstable  and  neutral,  and  very  stable  and  neutral.  These  concepts  show  promise,  but  have  not 
yet  been  field  tested. 
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Profiler  Anemometer  (BLP). 
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Isotachs  of  horizontal  wind  derived 
from  acoustic  Doppler  measurements. 


A  second  approach,  also  untested,  would  use  the  dependence  of  sound  absorption  on  the  frequency 
of  the  carrier  wave  and  on  temperature  and  humidity.   If  it  can  be  assumed  that  all  absorption  is 
due  to  the  classical  and  molecular  portions  of  the  attenuation  coefficient,  this  method  should  work 
well,  and  would  require  only  that  2  or  3  separate  frequencies  be  generated;  the  difference  in  signal 
strength  at  each  frequency  is  used  to  derive  the  temperature  and  humidity  profiles.   The  assumption 
of  no  excess  absorption(  i.e.  that  due  to  processes  other  than  molecular  or  classical)  may  prove  to 
be  limiting  2>  3  a^  more  information  on  the  nature  of  the  attenuation  is  needed  before  the  method 
can  be  demonstrated. 


MONITORING  DUHING  AH  AIR  POLLUTION  EVENT 


Our  best  example,  to  date,  of  the  potential  of  an  acoustic  sounder  for  monitoring  meteorological 
structure  during  an  air  pollution  event  was  obtained  during  April  of  1971.   The  acoustic  sounder  was 
located  at  Table  Mountain,  a  field  site  some  50  km  northwest  of  downtown  Denver.   It  was  being 
operated  on  a  round-the-clock  basis  in  a  monostatic  mode  with  the  antenna  pointed  vertically. 

2 
Fortuitously,  the  sounder  recorded  the  low  level  pattern  of  C_  ,  indicative  of  the  temperature 

structure  on  the  13th  and  l^th  of  April,  a  period  when  effluent  concentrations  in  Denver  reached 

the  "pollution  alert"  level.   The  2k   hour  long  acoustic  record  for  this  period  is  shown  in  Figure  7. 

TABLE   MOUNTAIN.  COLORADO 
April  13-14,  1971 
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Figure  7  -  Acoustic  sounder  record  showing  the  evolution  of  the  boundary  layer  structure 
before,  during  and  after  an  air  pollution  alert. 
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The  late  afternoon  portion,  1700  to  2000  (local  time)  on  the  13th,  shows  the  typical  pattern  which 
occurs  after  thermal  plume  activity  has  subsided  and  the  lapse  rate  is  near  neutral.  Following 
2000,  we  see  evidence  of  a  surface  based  radiation  inversion  starting  to  form  and  deepen.  This 
process  continues  throughout  the  nocturnal  hours.   Other  layered  structure,  probably  the  result 
of  advected  Inversion  layers,  also  appear  throughout  the  night.  These  layers  all  show  the 
typically  horizontally  stratified  structure  with  a  variety  of  wave  modes  superimposed.  Of 
particular  interest  is  the  subsiding  layer  which  appears  at  about  800  meters  shortly  before  0300 
on  the  14th.  This  layer  continues  to  descend  until  Just  before  0800  where  it  merges  with  the 
other  lower  layers  and  a  very  strong  surface  based  inversion  results.   Shortly  after  this  time, 
surface  heating  begins  to  have  an  effect  and  the  lower  regions  start  to  take  on  the  vertically 
oriented  structure  indicative  of  convective  activity.  This  process  tends  to  lift  and  intensify 
the  capping  Inversion  which  was  responsible  for  the  air  pollution  alert.   By  1200  on  the  14th. 
the  convective  activity  has  destroyed  the  inversion  layer  and  deep  mixing  has  started.  Two  hours 
later  at  1400,  the  air  pollution  alert  was  cancelled  in  Denver. 


The  temperature  structure  during  this  period  was  recorded  by  conventional  radiosonde  soundings 


at  Denver's  Stapleton  Airport.  The  temperature,  T,  and  dew  point, 
the  13th,  and  0500  LT  on  the  lUth  are  shown  In  Figure  8. 
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Figure  8  -  Denver  radiosonde  records  corresponding  to 
the  record  shown  in  Figure  7. 

The  temperature  and  dew  point  profiles  taken  at  1700  LT  on  13  April,  1971  show  the  typical  subsidence 
inversion  associated  with  a  large  high  pressure  region.  These  profiles,  shown  as  dashed  lines  in 
Figure  8,  were  taken  near  the  beginning  of  the  record  shown  in  Figure  7.  The  second  set  of  profiles 
(solid  lines)  were  taken  at  0500  on  the  l^th,  near  the  right  side  of  the  top  portion  of  the  2k   hour 
record.  Looking  at  the  radiosonde  records  alone,  one  can  only  speculate  that  the  elevated  inversion, 
near  3-3  km  above  sea  level  (1700  meters  above  the  ground)  at  1700  on  the  13th  had  lowered  and  help- 
ed to  intensify  the  inversion  at  2.k   km  on  the  14th.  The  acoustic  sounder  record,  on  the  other  hand, 
clearly  shows  this  evolution  with  the  subsidence  inversion  entering  the  picture  just  before  0300  and 
lowering  to  about  600  meters  above  the  ground.  It  is  difficult  to  make  a  direct  comparison  of  the 
inversion  height  at  the  two  locations  in  question.  However,  the  difference  of  less  than  200  meters 
at  0500  LT  appears  very  good  despite  such  factors  as  the  variation  in  surface  elevations,  local  flow 
patterns  and  ground  cover. 

While  this  record  does  not  tell  the  entire  story,  i.e.,  the  concentration  level  of  pollutants 
and  the  low  level  winds  are  absent,  it  is  a  simple  matter  to  trace  the  events,  even  with  data  taken 
at  a  point  far  removed  from  downtown  Denver.   Using  only  this  basic  type  of  display,  the  air  pollu- 
tion meteorologist  would  have  far  more  information  than  the  present  four  per  day  temperature  sound- 
ings provide. 

Before  placing  an  acoustic  sounder  in  the  urban  environment,  it  is  important  to  address  certain 
practical  questions  relating  to  the  ambient  background  noise  in  a  city.  The  issue  is  really  two 
sided;  l)  can  the  sounder  be  successfully  operated  in  the  high  noise  environment  of  an  urban  area, 
and  2)  will  the  operation  of  the  sounder  in  this  environment  prove  to  be  an  annoyance  to  the  inhabi- 
tants? 
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The  first  problem  has  been  extensively  analyzed  with  the  conclusion  reached  that  proper  side- 
lobe  suppression  can  be  achieved  by  shielding  the  antennas   .   It  is  also  interesting  to  note  that 
acoustic  systems  designed  for  other  purposes,  but  essentially  operating  on  the  same  basic  principle, 
are  now  being  successfully  used  in  the  extremely  high  noise  environment  of  major  airports. 

Solution  of  the  first  part  of  this  problem  also  eliminates  the  worst  aspect  of  the  second  part, 
the  annoyance  factor.  As  most  of  the  sound  which  might  bother  people  is  transmitted  in  the  side- 
lobe  of  the  antenna,  shielding  for  sidelobe  suppression  will  also  greatly  reduce  the  annoyance  factor, 

CONCLUSIONS 

While  full  scale  testing  in  an  urban  environment  remains  to  be  completed,  the  results  to  date 
clearly  indicate  the  potential  of  an  acoustic  sounder  as  a  monitor  of  important  meteorological 
parameters  that  contribute  to  undesirable  air  pollution  situations.  At  present  it  appears  that  the 
worst  effect  of  a  high  noise  environment  on  the  operation  of  a  sounder  will  be  periodic  losses  of 
of  record,  a  factor  which  can  be  significantly  reduced  by  improved  anechoic  shielding  and  proper 
selection  of  operating  frequencies.  In  the  unlikely  event  that  as  much  as  half  of  the  record  is 
lost,  the  amount  of  usable  information  would  still  be  orders  of  magnitude  greater  than  is  available 
from  conventional  measuring  techniques.  This  point  is  well  amplified  by  comparing  the  information 
in  Figures  6  and  7  of  the  previous  section. 

The  importance  of  knowing  the  low  level  winds  associated  with  an  inversion  also  suggests  that 
the  Doppler  capability  should  be  incorporated  into  any  operational  system.  The  alternative  would 
be  to  produce  a  backlog  of  acoustic  records  taken  under  various  types  of  boundary  layer  structure 
and  then  use  a  pattern  recognition  technique  to  relate  the  observed  records  to  conditions  which 
might  produce  hazardous  air  pollution  events.   The  Doppler  capability  would  require  slightly  more 
complex  equipment,  but  the  additional  information  would  seem  to  be  worth  the  extra  investment. 
Analog  techniques,  now  under  development,  will  allow  rapid  extraction  of  the  Doppler  shift  at  pre- 
determined intervals  above  the  ground.  This  information  can  then  be  converted  into  a  real  time 
display  of  the  wind  profile,  updated  every  two  or  three  minutes. 

The  number  and  location  of  monitoring  stations  in  an  urban  environment  must  be  a  function  of 
such  factors  as,  the  local  terrain,  the  pattern  of  residential  vs.  commercial  zoning,  and  the  meso- 
scale  climatology  of  the  city,  each  case  being  analyzed  individually.  If,  for  example,  convergence 
into  the  urban  heat  island  is  a  factor,  stations  could  be  placed  at  strategic  locations  around  the 
perimeter  of  a  city  and  the  rate  of  inflow  monitored  continuously.  In  the  final  analysis,  especially 
when  compared  with  other  types  of  remote  sensors,  the  inexpensive  acoustic  sounder,  combining  its 
wind  and  temperature  measuring  capability,  seems  well  suited  to  the  task  of  monitoring  the  mesoscale 
urban  environment. 
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A  FEASIBILITY  STUDY  FOR  THE  REMOTE  MEASUREMENT  OF  UNDERWATER 
CURRENTS  USING  ACOUSTIC  DOPPLER  TECHNIQUES 

C.   B.   Emmanuel   and  P.  A.  Mandics 

ABSTRACT 

A  need  exists  for  the  remote  measurement  of  water  currents  in 
the  estuarine,  coastal,  and  open  ocean  environments.  Conventional 
rotor- type  current  measuring  devices  have  been  found,  at  best,  to 
be  of  limited  use  in  measurements  requiring  high  temporal  and  spa- 
tial resolution.  Remote  sensing  techniques,  however,  such  as  the 
measurement  of  the  Doppler  shift  of  acoustic  waves  scattered  by 
irregularities  embedded  in  water,  offer  an  attractive  alternative. 

Based  on  available  information  on  the  concentration  and  size 
distribution  of  scatterers,  an  attempt  is  made  to  estimate  the 
scattering  cross  section  for  some  typical  scatterers.  In  partic- 
ular, the  scattering  characteristics  of  suspended  particulate  and 
organic  matter,  gas  bubbles,  and  temperature  and  current  velocity 
fluctuations  are  examined.  The  effects  of  transmission  losses 
and  ambient  noise  on  the  signal-to-noise  ratio  of  the  returned 
signal  are  evaluated.  The  results  are  used  to  ascertain  the  fea- 
sibility of  acoustic  Doppler  techniques  to  measure  water  currents 
for  ranges  of  up  to  100  m  with  a  varying  pulse  length  resolution 
of  0.3  to  3  m.  This  resolution  and  additional  noise  considera- 
tions necessitate  the  use  of  frequencies  of  the  order  of  several 
hundred  kHz. 

It  is  shown  that  a  pulse  Doppler  current  measuring  system  is 
feasible.  As  an  example,  for  100  W  transmitted  (electrical) 
power,  reasonably  strong  scattering  (scattering  cross  section  per 
unit  volume  per  unit  solid  angle  da/dfi  =  10"13  cm"1),  and  a  pulse 
length  ct/2  =  3.05  m,  it  is  possible  to  detect  returns  from  a 
distance  of  100  m  with  a  14  dB  signal-to-noise  ratio.  Some  as- 
pects of  the  problem  need  more  careful  examination  and,  conse- 
quently, the  system  described  may  not  represent  an  optimum  design; 
nevertheless,  this  preliminary  investigation  lays  the  groundwork 
for  future  efforts  in  that  direction. 

Key  Words:  Estuarine  environment,  acoustic  scattering,  Doppler 
shift,  turbulence,  remote  current  measurements. 
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Infrasound  from  Convective  Storms: 
Examining  the  Evidence 

T.  M.  Georges 

Wave  Propagation  Laboratory 

NOAA  Environmental  Research  Laboratories 

Boulder,  Colorado    80302 


Two  kinds  of  waves,  infrasonic  pressure  fluctuations  recorded  on  the  ground  and 
certain  wavelike  fluctuations  in  ionospheric  phase  height  recorded  by  ground-based 
radio  sounders,  have  been  independently  associated  with  some  severe  convective  storms. 
When  we  compare  their  phenomenologies,  such  a  remarkable  similarity  emerges  that 
it  is  hard  to  avoid  the  conclusion  that  both  waves  are  different  manifestations,  in  dif- 
ferent parts  of  the  acoustic  spectrum,  of  the  same  emission  mechanism.  We  tabulate  the 
constraints  each  observation  imposes  on  possible  source  models  and  estimate  the  aver- 
age acoustic  power  required.  A  case  study  of  one  storm  observed  with  both  techniques 
reinforces  the  hypothesis  of  a  common  emission  mechanism. 


1.    INTRODUCTION 

Substantial  evidence  is  accumulating  that  some  (as  yet  unidentified)  process 
associated  with  certain  severe  convective  storms  radiates  subaudible  acoustic 
waves  that  are  detected  at  great  distances.  In  this  paper,  the  first  in  a  series 
about  infrasound  from  convective  storms,  we  review  and  critically  evaluate 
this  evidence. 

The  levels  of  emitted  power  that  the  observations  suggest  are  probably  not 
great  enough  to  represent  an  important  part  of  a  convective  storm's  energy 
budget.  Yet  the  emissions  are  interesting  from  at  least  two  other  points  of  view: 
The  very  elusiveness  of  the  emission  mechanism  suggests  that  its  discovery 
might  also  reveal  something  new  about  the  dynamics  of  certain  severe  convective 
storms.  Interest  also  arises  from  the  emissions'  potential  value  in  severe-storm 
detection  and  diagnosis. 

One  reason  that  such  a  review  now  seems  appropriate  is  that  the  bulk  of 
the  evidence  is  scattered  about  in  obscure  or  inaccessible  places,  mainly  in 
unpublished  reports  and  conference  proceedings;  indeed,  some  of  the  evidence 
resides  only  in  the  minds  of  a  few  researchers.  As  we  shall  see,  two  diverse  kinds 
of  measurement  form  the  evidence,  so  it  is  understandable  that  researchers  famil- 
iar with  one  may  not  fully  appreciate  the  other.  We  find  that,  as  a  result, 
many  workers  in  the  field  are  not  fully  aware  of  what  has  already  been  done. 

Another  reason  for  this  review  is  to  lay  the  groundwork  for  further  progress 
on  the  problem  by,  in  effect,  defining  the  problem  as  precisely  as  possible.  With- 
out such  groundwork,  it  makes  little  sense  to  attempt  a  synthesis  of  realistic 
models  of  the  emitting  mechanism. 
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Sections  2  and  3  of  this  paper  examine  the  two  ways  the  waves  have  been 
observed:  In  one,  ground  level  atmospheric  pressure  fluctuations  are  recorded 
with  arrays  of  sensitive  microbarographs ;  in  the  other,  certain  wavelike  fluctua- 
tions in  ionospheric  electron  concentration  (200-300  km  above  the  ground)  are 
detected  with  ground-based  radio  sounders.  Although  the  phenomenologies  of 
the  two  kinds  of  waves  are  very  similar,  it  is  not  yet  certain  that  both  waves 
can  be  traced  to  a  common  emission  mechanism.  One  goal  of  this  paper  is  to 
reinforce  the  evidence  favoring  a  common  mechanism. 

In  addition  to  summarizing  the  present  knowledge  about  each  wave  type, 
each  section  also  dwells  briefly  on  the  observing  techniques  themselves.  This 
is  to  minimize  misunderstanding  about  what  is  actually  being  observed  and  to 
call  attention  to  sources  of  error  and  observational  bias  that  are  built  into 
the  methods  themselves.  To  provide  energy  limits  for  possible  source  models  we 
then  make  some  elementary  energy  estimates  based  on  observed  wave  intensities. 

Section  4  compares  and  contrasts  the  two  kinds  of  observations,  focusing 
attention  on  those  properties  of  the  emissions  on  which  the  two  observations 
apparently  disagree.  The  constraints  imposed  by  the  observations  on  possible 
source  models  should  then  be  clear.  Section  5  is  a  case  study  of  one  storm  dur- 
ing which  both  types  of  observations  were  made.  Certain  common  features 
emerge  that  apparently  have  not  been  recognized  before. 


2.    IONOSPHERIC  EFFECTS 

a.  History.  The  history  of  ionospheric  radio  has  recorded  numerous 
attempts  to  associate  fluctuations  in  different  properties  of  ionospheric  radio 
transmissions  with  tropospheric  weather  events.  Davies  and  Jones  [1972c]  review 
early  work.  Most  of  the  published  associations  are  reports  of  isolated  coinci- 
dences in  time  and  duration  between  certain  weather  events  (the  passage  of  a 
hurricane,  a  squall  line,  or  an  electrical  storm)  and  fluctuations  of  some  iono- 
spheric observable,  such  as  F  layer  critical  frequency,  the  appearance  of 
sporadic  E  layers,  or  a  change  in  radio  absorption  by  the  D  layer  [cf.,  Rastogi, 
1962].  Some  early  attempts  to  associate  thunderstorms  with  ionospheric  activity 
invoked  direct  electrostatic  coupling  between  lower  and  upper  atmosphere  [cf., 
Wilson,  1925].  Others  supposed  that  synoptic-scale  pressure  fluctuations  are  com- 
municated to  ionospheric  heights  and  alter  electron  concentration  by  means  of 
neutral-density  changes  [Bauer,  1958]. 

Although  not  denying  that  any  of  the  proposed  coupling  mechanisms  exist, 
I  feel  it  is  fair  to  say  that  until  1967  no  conclusive  or  consistently  repeatable 
causal  relationships  between  ionospheric  events  and  tropospheric  weather  emerged 
from  these  studies. 

In  1966,  during  a  study  of  wavelike  ionospheric  motions  revealed  by  HF-CW 
(high-frequency,  continuous-wave)  Doppler  soundings  at  Boulder,  certain  nearly 
monochromatic  oscillations,  with  a  characteristic  period  always  near  3  min  and 
durations  of  several  hours,  began  to  emerge  as  a  distinct  type  of  event.  The 
oscillations  are  distinguished  from  the  ionospheric  'background'  mainly  by  their 
monochromatic  appearance  but  also  by  their  short  periods,  in  contrast  to  the 
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longer  periods  and  irregular  appearance  of  most  background  fluctuations.  One 
particularly  clear  example  of  such  an  event  was  recorded  on  two  radio  sounding 
frequencies  at  Boulder,  Colorado,  on  November  11,  1965.  A  picture  of  the 
Doppler  record  of  this  event  has  been  published  by  Georges  [1967a].  A  relative 
phase  lag  in  the  oscillations  corresponding  to  the  sounding  from  the  greater 
height  permitted  an  estimate  of  vertical  travel  time  between  the  two  heights 
sounded.  The  phase  lag  corresponded  to  a  sonic  travel  speed  at  ionospheric 
heights.  Because  3-min  acoustic  waves  could  theoretically  exist  there  without 
excessive  attenuation,  the  oscillations  were  tentatively  identified  as  manifesta- 
tions of  acoustic  waves  interacting  with  F  layer  ionization  [Georges,  1967a].  No 
known  association  with  other  geophysical  events  then  pointed  to  a  source,  though 
infrasonic  pressure  waves  with  about  a  30-sec  period  were  noted  at  Boulder  at 
the  same  time.  The  infrasound  had  the  high  horizontal  trace  speed  that  is  some- 
times associated  with  nearby  sources.  No  severe-weather  event  was  found  in 
the  vicinity,  although  weather-radar  data  were  not  available  for  that  time. 
(Although  these  ionospheric  waves  typify  waves  that  were  later  associated  with 
severe  weather,  this  particular  event  is  singularly  mysterious  because  of  the 
apparent  absence  of  nearby  storms  and  because  it  appeared  in  late  fall.) 

During  1966-1967,  similar  waves  were  frequently  seen  on  the  records  of  a 
new  spatial  array  of  Doppler  sounders  centered  at  Little  Rock,  Arkansas 
[Georges,  19676].  The  availability  of  Doppler  soundings  spread  over  a  wide 
geographical  area  and  the  variations  of  wave  intensity  among  the  sounding  paths 
revealed  that  the  3-min  ionospheric  waves  were  always  geographically  confined 
within  an  area  only  a  few  hundred  kilometers  in  diameter.  A  source  of  a  global 
nature,  e.g.,  solar  or  geomagnetic,  was  thus  unlikely,  as  was  the  propagation  of 
the  waves  over  long  horizontal  distances. 

Pierce  and  Coroniti  [1966]  suggested  on  theoretical  grounds  that  buoyancy 
oscillations  in  convective  storms  should  emit  acoustic-gravity-wave  energy  near 
the  Brunt-Vaisala  frequency.  This  prompted  an  investigation  of  the  possibility 
that  the  3-min  waves  were  ionospheric  manifestations  of  acoustic-gravity  waves 
from  severe  convective  storms,  even  though  the  periods  of  waves  from  buoyancy 
oscillations  were  not  expected  to  be  as  short  as  3  min.  Surface  weather  and  radar 
summary  charts  revealed  that  significant  convective  storm  activity  was  indeed 
frequently  nearby  during  the  ionospheric  events  in  question.  A  more  careful 
analysis  comparing  the  relative  strengths  of  the  ionospheric  waves  among  the 
spaced-sounder  records  revealed  an  inverse  relationship  to  the  distance  of  the 
sounding  path  from  a  nearby  storm.  The  times  of  onset  and  cessation  of  the 
ionospheric  waves  often  coincided  remarkably  well  with  the  appearance  on 
weather-radar  charts  of  nearby  thunderstorms  with  cloud  tops  over  40,000  ft 
[Georges,  19676].  About  a  dozen  case  studies  confirmed  such  a  detailed  spatial 
and  temporal  relationship.  In  addition,  a  contingency  table  derived  from  a  year 
of  continuous  sounding  formed  convincing  statistical  evidence  for  an  association 
between  certain  convective  storms  and  the  3-min  ionospheric  waves  [Georges, 
1968a,  19686].  A  model  based  on  atmospheric  filtering  by  refraction,  absorption, 
and  acoustic  cutoff  effects  was  advanced  to  explain  the  narrow  spectrum  observed, 
the  localized  geographic  effects  of  the  waves,  and  the  fact  that  the  waves  appear 
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mainly  at  night  [Georges,  1968a].  The  exact  emitting  mechanism  remained 
unspecified,  however. 

Detert  [1969]  carried  out  a  similar  spaced-path  Doppler  sounding  experi- 
ment during  1967-1968  at  Huntsville,  Alabama,  and  confirmed  the  presence  of 
3-min  oscillations  during  several  severe  local  storms. 

Baker  and  Davies  [1969]  and  Davies  and  Jones  [1971,  1972a]  have  used 
Doppler  observations  over  various  oblique  and  steep-incidence  paths  to  further 
refine  the  evidence  for  the  association.  In  particular,  they  showed  that  the  spec- 
trum of  the  waves  usually  exhibits  a  double-peaked  'fine  structure,'  and  they  used 
a  closely  spaced  sounder  array  to  verify  that  horizontal  trace  speeds  are  also 
appropriate  to  acoustic  waves.  By  measuring  wave  travel  direction  they  were 
able  to  'trace  back'  the  acoustic  energy  to  the  troposphere  and  identify  the 
apparent  source  storms  on  radar  maps  and  on  radarscope  photographs. 

b.  Summary  of  observations.  What  we  have  learned  about  the  ionospheric 
effects  of  severe  storms  from  the  observations  just  cited  can  now  be  distilled  as 
follows: 

1.  The  ionospheric  oscillations  are  consistently  seen  only  on  HF-CW 
Doppler  soundings  of  the  F  layer. 

2.  They  are  seen  almost  exclusively  in  the  early  evening;  occasional 
appearances  at  other  times  are  usually  much  weaker.  Some  instances  of  abrupt 
cessation  at  sunrise  have  been  recorded,  even  in  the  presence  of  continuing  storm 
activity.  Increased  acoustic  defocusing  at  the  base  of  the  thermosphere  has  been 
suggested  as  a  reason  for  the  absence  of  daytime  effects  [Georges,  1968a]. 

3.  Seasonal  occurrence  maximizes  during  midsummer  for  soundings  on  the 
Kansas-Nebraska  border,  shifts  to  early  summer  for  the  Oklahoma  location,  and 
to  late  spring  at  the  Arkansas  location. 

4.  Storm-associated  waves  are  so  identified  by  their  characteristic  wave 
form.  Most  of  the  2-  to  5-min  ionospheric  oscillations  can  be  associated  with 
nearby  convective  storms;  however,  many  instances  are  found  when  apparently 
suitable  storms  produce  no  observable  ionospheric  effects. 

5.  The  oscillations  typically  persist  for  3  or  4  hours  and  often  recur  on 
several  successive  evenings. 

6.  Wave  amplitudes  are  greater  than  1  Hz  (Doppler  shift)  for  the  largest 
events  but  are  typically  between  0.1  and  1.0  Hz.  Those  smaller  than  0.1  Hz 
are  difficult  to  detect  in  the  'noise'  of  other  ionospheric  fluctuations. 

7.  Appearance  of  the  oscillations  on  Doppler  records  is  that  of  a  nearly 
monochromatic  sinusoidal  wave  train,  always  with  an  apparent  period  between 
2  and  5  min  and  often  having  a  'beaded'  or  amplitude-modulated  appearance. 

8.  Accordingly,  spectral  analysis  of  the  oscillations  consistently  reveals 
the  presence  of  a  sharp,  dual-peaked  spectrum;  one  peak  is  always  close  to  a 
4.5-min  period,  whereas  the  second  peak  is  near  3.5  min  and  has  a  slightly  larger 
variance  from  event  to  event.  The  apparent  bandwidth  of  an  individual  spectral 
peak  is  of  the  order  of  1  mHz  for  a  typical  event. 

9.  Unambiguous  azimuth  determinations  are  possible  only  if  the  horizontal 
spacing  of  the  sounding  points  is  less  than  about  50  km. 
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10.  Only  a  few  determinations  of  horizontal  wave  travel  directions  have 
been  possible.  When  these  waves  are  traced  back  to  storm  activity  indicated  by 
weather  radars,  time  variations  in  azimuth  tend  to  follow  storm  activity. 

11.  A  few  azimuth  determinations  using  spaced  soundings  show  that  the 
apparent  source  direction  often  shifts  abruptly,  evidently  in  response  to  the  death 
of  one  emitter  and  the  birth  of  another  nearby. 

12.  Horizontal  trace  speeds  vary  from  about  sonic  to  almost  3  km/sec, 
whereas  vertical  trace  speeds  measured  with  multifrequency  soundings  are 
typically  500  to  600  m/sec  and  are  directed  upward.  The  waves  thus  travel 
essentially  vertically  upward. 

13.  Ionospheric  effects  are  typically  visible  up  to  about  300  km  from  the 
source  storms.  Waves  from  more  distant  storms,  if  seen,  are  usually  very  weak. 

14.  The  ionospheric  oscillations  are  almost  always  associated  with  nearby 
(within  about  300  km)  thunderstorm  cells  with  radar-indicated  tops  over 
40,000  ft. 

15.  No  preference  for  tornadic  storms  is  evident  in  the  ionospheric  waves, 
although  some  of  the  identified  source  storms  have  produced  tornadoes. 

16.  All  significant  observations  of  severe-weather  ionospheric  waves  have 
been  roughly  in  the  central  United  States  (Boulder,  Colorado,  to  Huntsville, 
Alabama;  Urbana,  Illinois,  to  Little  Rock,  Arkansas).  Magnitudes  of  Doppler 
effects  show  a  slight  tendency  to  be  highest  near  midcontinent.  Some  unpublished 
Doppler  sounds  in  Florida  [Davies  and  Jones,  1972c]  have  failed  to  reveal  clear 
ionospheric  effects  associated  with  the  frequent  thunderstorm  activity  there. 
However,  more  negative  results  of  this  kind  are  required  before  conclusive  state- 
ments about  geographic  localization  can  be  made. 

17.  Ionospheric  oscillations  are  observed  more  often  when  the  assumed 
thunderstorm  source  is  to  the  north  (northern  hemisphere)  of  the  ionospheric 
observation  point  than  when  it  is  to  the  south.  This  directional  filtering  effect 
is  apparently  associated  with  the  way  the  waves  move  the  ionization  under 
the  influence  of  the  geomagnetic  field   (see  section  2d). 

18.  'Among  the  various  observers,  at  least  60  ionospheric  events  have  now 
been  associated  with  severe  convective  storms.  Most  of  these  associations  have 
been  based  on  the  spatial  and  temporal  coincidence  arguments  given  earlier, 
rather  than  on  measurements  that  permit  tracing  back  a  wave  to  a  source. 

c.  Doppler  sounding:  Method  and  biases.  The  CW  Doppler  ionospheric 
sounding  technique  was  invented  by  Watts  and  Davies  [1959]  to  monitor  the 
frequency  fluctuations  of  HF  radio  waves  caused  by  ionospheric  motions.  The 
essential  features  of  the  technique  are  as  follows:  A  transmitting  station  emits 
a  continuous,  unmodulated,  high-frequency  radio  wave  that  reflects  from  the 
ionosphere  and  is  detected  at  a  receiving  station  that  may  be  thousands  of 
kilometers  away  or  only  far  enough  away  to  prevent  receiver  domination  by 
direct  'ground  wave.'  The  transmitter  frequency  is  so  stable  that  any  fre- 
quency deviations  or  spreading  observed  at  the  receiver  can  be  attributed  to 
propagation  effects.  After  appropriate  heterodyning  and  frequency  multiplica- 
tion, the  frequency  fluctuations  are  usually  processed  and  displayed  in  a  fre- 
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quency  versus  time  format  by  an  audio  spectrograph.  This  kind  of  processing 
(as  opposed  to  phase-detecting  schemes)  preserves  the  identities  of  the  multiple- 
frequency  components  that  represent  separate  propagation  paths  with  different 
Doppler  shifts.  The  special  case  of  sounding  over  steep  (nearly  vertical)  paths 
permits  monitoring  vertical  ionospheric  motions  nearly  directly  overhead.  This 
method  is  usually  employed  in  studies  of  severe-weather  effects.  Sounding  from 
geographically  spaced  locations  and  on  different  radio  frequencies  can  indicate 
motions  at  spaced  locations  in  the  ionosphere.  Frequency  shifts  as  small  as  0.1 
Hz  are  detectable.  Readers  interested  in  the  details  of  the  technique,  the  inter- 
pretation of  the  measurements,  and  examples  of  applications  should  also  see 
the  papers  by  Davies  et  al.  [1962],  Davies  and  Baker  [1966],  Chan  and  Villard 
[1962],  and  Georges   [19676]   and  the  references  they  cite. 

What  the  Doppler  sounding  technique  actually  measures,  then,  is  fluctua- 
tions in  received  radio  frequency.  The  chain  of  reasoning  that  allows  us  to  infer 
properties  of  neutral  atmospheric  waves  from  these  frequency  fluctuations  con- 
tains a  number  of  assumptions  about  the  way  atmospheric  waves  interact  with 
ionization  and  about  the  way  ionization  density  changes  induce  Doppler  shifts. 
Each  assumption  represents,  in  effect,  a  simplified  model  of  that  step  in  the 
process.  Anyone  who  interprets  the  measurements  ought  to  be  aware  of  the 
kinds  and  magnitudes  of  errors  that  the  use  of  such  models  can  introduce.  But 
a  complete  analysis  of  these  errors  would  take  up  too  much  space  here  and  is  a 
more  suitable  topic  for  a  specialized  report  [cf.  Davies  and  Jones,  1972c;  Jones, 
1969].  Here  only  features  of  the  models  that  can  cause  errors  will  be  listed: 

1.  Although  Doppler  shifts  can  be  caused  by  temporal  variations  in  radio 
refractive  index  all  along  the  sounding  path  and  by  motions  of  the  height  where 
the  radio  wave  reflects,  only  motions  of  the  latter  type  are  usually  considered. 
Such  a  model  is  called  a  specular-reflector  model.  For  wave-induced  fluctuations, 
the  errors  this  model  introduces  are  small  but  may  not  be  negligible  in  precise 
measurements  [Georges,  19676]. 

2.  The  shape  and  motions  of  the  reflecting  boundary  are  taken  to  be  those 
of  a  particular  constant  electron  density  surface.  That  value  of  electron  density 
depends  on  the  radio  wave  frequency  and  the  transmitter-receiver  geometry. 

3.  For  steep  sounding  paths,  the  reflecting  surface  is  where  the  electron 
plasma  frequency  equals  the  radio  wave  frequency  (possibly  plus  a  constant 
correction  factor  to  account  for  magnetoionic  effects). 

4.  Steep  sounding  paths  are  essentially  straight  lines;  that  is,  ray  devia- 
tions are  not  important.  Davies  and  Jones  [1972c]  have  estimated  refractive 
corrections,  however. 

5.  The  ambient  electron  density  distribution  is  assumed  to  be  horizontally 
stratified.  Horizontal  gradients  thus  introduce  errors  in  determinations  of  acous- 
tic-wave-vector magnitude  and  direction  from  spaced-path  soundings. 

6.  Electron  density  perturbations  are  supposed  to  be  of  sufficiently  large 
horizontal  scale  that  the  reflecting  surface  remains  essentially  plane  and  hori- 
zontal. Therefore  Doppler  shifts  indicate  only  vertical  motions  of  the  surface. 
(Smaller-scale  ripples  are  known  to  appear  on  isodensity  surfaces,  but  they 
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present  a  characteristic  Doppler  signature  that  is  easily  recognized  and  inter- 
preted accordingly  [cf.  Davies  and  Jones,  19726].  The  waves  we  are  interested 
in  appear  not  to  be  of  this  type;  that  is,  they  do  not  cause  significant  curvature 
of  the  isodensity  surfaces.) 

7.  To  calculate  their  interaction  with  F  region  ionization,  the  atmospheric 
waves  are  considered  to  he  plane  compression  waves.  This  is  not  really  true 
because  (1)  the  wave  fronts  have  a  finite  radius  of  curvature,  and  (2)  air 
parcel  orbits  are  elliptical  (slightly  transverse)  for  waves  near  the  acoustic 
cutoff  frequency. 

8.  The  acoustic  waves  move  electrons  by  collisional  interaction,  and  the 
electrons  oscillate  in  phase  with  the  neutral  wave  with  a  velocity  equal  to  the 
component  of  wave-associated  neutral-air  velocity  along  the  direction  of  the 
geomagnetic  field  \Georges,  19686].  Wave-induced  perturbations  of  the  photo- 
chemical balance  are  normally  neglected  because  they  are  almost  certainly 
unimportant  for  the  short  wave  periods  and  ionospheric  heights  of  interest 
[Hooke,  1968]. 

9.  Again,  because  the  waves  of  interest  are  so  long  that  the  electron  density 
gradients  they  cause  are  smaller  than  the  height  gradients  of  ambient  electron 
density,  the  vertical  motion  of  the  constant  electron  density  surfaces  is  nearly 
the  same  as  vertical  electron  velocity.  To  be  perfectly  rigorous,  however,  esti- 
mates of  motions  of  the  reflecting  height  should  include  the  total  wave-induced 
density  perturbations,  especially  when  reflection  is  from  near  the  F  layer  peak. 

10.  Serious  errors  in  estimating  the  radio  reflection  height  can  occur  if  the 
identities  of  the  magnetoionic  modes  (ordinary  or  extraordinary)  present  are 
misjudged.  Measuring  acoustic  velocities  requires  accurate  knowledge  of  the 
locations  of  the  ionospheric  reflection  points. 

To  measure  spatial  properties  of  the  waves  it  is  necessary  to  sound  the 
ionosphere  at  different  heights  and  at  geographically  separate  locations.  Inter- 
preting spaccd-path  soundings  means  making  some  simplifying  assumptions 
about  the  relative  locations  of  the  points  In  the  ionosphere  being  probed  and 
how  these  points  may  vary  with  wave  passage.  These  assumptions  determine, 
among  other  things,  the  method  to  use  in  deriving  velocities  from  spaced-sensor 
data  (e.g.,  visual  overlay  and  cross  correlation),  and  they  are  discussed  by  Jones 
[1969]  and  Davies  and  Jones  [1972c]. 

The  combined  effect  of  all  these  simplifications  should  not  cause  order  of 
magnitude  errors  in  estimates  of  neutral-wave  amplitude  and  should  permit 
rough  estimates  of  other  wave  parameters.  But  those  who  contemplate  more 
precise  interpretation  of  Doppler  soundings  definitely  need  to  contend  with  these 
sources  of  error. 

Quite  apart  from  errors  that  arise  from  using  simplified  models  to  interpret 
the  measurements,  several  observational  biases  are  built  into  the  Doppler 
sounding  technique.  Some  arise  from  atmospheric  filtering  of  the  waves  that 
reach  ionospheric  heights  and  move  the  ionization ;  others  arise  from  the  velocity- 
sensing  nature  of  Doppler  measurements.  We  need  to  understand  these  biases  so 
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that  we  won't  expect  Doppler  sounding  to  respond  to  waves  beyond  its  capa- 
bilities. 

The  'atmospheric  filtering'  that  operates  on  acoustic  waves  reaching  iono- 
spheric heights  is  only  vaguely  understood  at  this  time.  Georges  [1968a]  sug- 
gested a  simple  filtering  model  involving  absorption  and  acoustic  cutoff  effects, 
but  this  model  leaves  several  observed  wave  properties  unexplained.  Jones 
[1970]  proposed  a  filtering  mechanism  based  on  strong  coupling  between  acoustic- 
gravity  modes,  but  objections  can  be  raised  to  treating  nearly  vertical  propaga- 
tion from  a  wave  guide  mode  viewpoint.  A  detailed  discussion  of  this  topic  will 
be  reserved  for  a  later  paper. 

Because  Doppler  sounders  are  inherently  velocity-measuring  devices  the 
technique  is  naturally  biased  in  favor  of  higher-frequency  motions.  For  example, 
3-min  oscillations  in  reflecting-layer  height  would  cause  fluctuations  in  Doppler 
shift  with  an  amplitude  10  times  greater  than  if  the  same  height  oscillations 
had  a  30-min  period.  On  the  other  hand,  short-period  wavelike  ionospheric 
motions  tend  to  be  of  smaller  amplitude;  therefore  Doppler  measurements  tend 
to  equalize  the  observed  effects  of  different  wave  periods. 

d.  Estimating  source  power.  The  ionospheric  Doppler  measurements  per- 
mit an  estimate  of  the  average  acoustic  power  radiated  by  the  severe-weather 
source.  To  make  such  an  estimate  we  construct  the  following  model:  A  source  of 
spherical,  monochromatic  acoustic  waves  exists  near  the  ground.  In  propagating 
upward,  only  a  portion  of  this  wave  within  a  narrow  cone  (30°-45°  from  vertical) 
penetrates  into  the  thermosphere ;  the  rest  is  refracted  back  to  earth  by  the  large 
temperature  gradient  near  100-km  height.  The  portion  of  the  wave  reaching 
ionospheric  heights  nearly  above  the  source  is  not  refracted  very  much,  and  the 
vertically  traveling  wave  remains  essentially  spherical. 

The  neutral  acoustic  wave  moves  ionization  by  collisional  interaction 
between  neutral  molecules  and  free  electrons.  In  the  presence  of  the  earth's 
magnetic  field,  only  the  component  of  the  wave-associated  air  velocity  parallel 
to  the  field  is  communicated  to  the  ionization.  The  mean  time  between  collisions 
is  short  enough  that,  for  the  wave  frequencies  of  interest  here,  the  ionization 
moves  in  phase  with  the  neutral  wave. 

In  the  measurement  of  Doppler  shifts  of  steep -incidence  radio  waves,  only 
the  vertical  component  of  ionization  motion  is  of  interest  (see  section  2c) .  We 
can  then  write  a  formula  relating  the  vertical  ionization  speed  Ueg  to  the  wave- 
associated  neutral-air  velocity  U,  assuming  that  the  wave  travels  vertically: 

U„  =  U  sin2  /  (1) 

where  I  is  the  inclination  of  the  local  magnetic  field  [Georges,  1968c].  For 
rough  estimates  applicable  to  midlatitudes  and  higher,  we  can  neglect  the  sin2 
/  factor. 

Now  we  have  a  simple  model  connecting  the  neutral-wave  amplitude  to 
vertical  oscillations  of  the  reflecting  layer,  which  in  turn  can  be  simply  related 
to  the  induced  radio  Doppler  shift.  Mathematically,  we  can  now  write 

-c£Af  =  ^^^c*2Ut,^2U  (2) 
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where  Co  is  the  free-space  speed  of  light,  f0  is  the  transmitted  radio  frequency, 
A/  is  the  Doppler  shift,  P  is  the  radio  phase  path,  and  h  is  the  radio  reflection 
height.  Equating  (dP/dt)  to  2(dh/dt)  involves  the  assumption  of  specular  reflec- 
tion mentioned  earlier. 

As  an  illustration,  we  calculate  the  velocity  amplitude  U  of  an  acoustic 
wave  required  to  give  a  1-Hz  (amplitude)  Doppler  shift  to  a  5-MHz  radio  wave: 

U  =  (c0/2/o)A/  =  30        m/sec  (3) 

To  estimate  the  corresponding  source  power,  we  calculate  the  average  power- 
flux  density  W: 

W  =  hPoCU2  (4) 

where  p0  is  the  ambient  air  density,  and  C  is  the  ambient  sound  speed.  In  MKS 
units,  W  is  in  watts  per  square  meter.  Substituting  U  from  (2)  into  (4),  we  write 
an  approximate  formula  for  acoustic  power-flux  density  in  terms  of  the  amplitude 
of  Doppler  shift  fluctuations  [Davies  and  Jones,  1972c] : 

W  ~  (PoCco78)(A///o)2  (5) 

where  the  values  of  p0  and  C  refer  to  the  ionospheric  height  h  being  probed. 
The  emitted  source  power  is  estimated  by  integrating  W  over  a  hemisphere  of 
radius  h: 

P  =  2rh'W  =  **&&  (ffi  (6) 

This  formula  neglects  acoustic  absorption.  Using  the  same  values  of  /  and  A/ 
and  assuming  atmospheric  parameters  appropriate  to  a  height  of  200  km,  we 
get  an  emitted  acoustic  radiated  power  of  about  2.8  X  107  W.  The  numerical 
values  we  have  used  represent  typical  conditions  under  which  severe-weather 
Doppler  effects  have  been  observed,  so  that  our  estimate  of  source  power  should 
be  realistic.  Including  absorption  would  raise  this  estimate,  however.  Davies 
and  Jones  [1972c],  who  use  slightly  different  numbers,  estimate  5  X  107  W. 

3.  INFRASONIC  PRESSURE  FLUCTUATIONS 

a.  History.  Infrasonic  pressure  waves  were  studied  as  early  as  1888, 
when  signals  from  the  explosion  of  Krakatoa  were  detected  all  over  the  world 
(see  the  bibliographies  by  Pierce  and  Posey  [1970]  and  Thomas  et  al.  [1971]). 
Now  many  different  kinds  of  natural  infrasound  are  known.  Each  is  identified 
by  its  particular  combination  of  wave  observables:  wave  amplitude,  wave  period, 
duration,  horizontal  trace  velocity  (speed  and  direction),  spatial  and  frequency 
coherence,  and  coincidence  with  other  geophysical  events.  Cook  [1969],  Cook 
and  Young  [1962],  and  Georges  and  Young  [1972]  review  our  knowledge  about 
at  least  nine  different  kinds  of  natural  infrasound  that  are  now  distinguished. 
We  want  to  focus  our  attention  on  just  one  species  in  the  atmospheric  wave 
'zoo':  a  class  of  wave  that  has  been  called  'severe-weather  infrasound.' 
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The  history  of  the  discovery  of  severe-weather  infrasound  is  clouded  by  an 
almost  complete  absence  of  early  published  results.  A  few  unpublished  internal 
reports  and  records  of  oral  conference  presentations  indicate  that  as  early  as 
1960  the  NOAA  (then  National  Bureau  of  Standards)  Geoacoustics  Group 
had  found  a  connection  between  certain  pressure  waves  and  distant  tornadic 
storms.  Cook  and  Young  [1962]  briefly  reported  the  reception  of  a  certain  kind 
of  infrasound  at  Washington,  D.C.,  during  eight  time  intervals  when  tornadoes 
were  reported  in  the  midwest  within  5°  of  the  azimuth  of  infrasound  arrival. 
No  further  reports  were  published  until  1966,  when  Goerke  and  Woodward 
[1966]  reported  tracking  a  nearby  severe  (nontornadic)  storm  from  Boulder, 
Colorado,  using  infrasound  of  about  20-  to  25-sec  period.  Although  no  triangula- 
tion  was  possible  from  a  single  array  of  microbarographs,  the  change  in  the 
waves'  direction  of  arrival  during  this  storm  appeared  to  coincide  with  the  motion 
of  the  storm's  leading  edge  of  maximum  convective  activity.  Bowman  [1968] 
reported  observations  of  long-period  'subsound'  (internal  gravity  waves)  asso- 
ciated with  severe  hailstorms,  but  these  are  not  the  essentially  acoustic  waves 
of  interest  here.  We  shall  return  to  them  briefly  later.  Bowman  and  Bedard 
[1971]  published  a  comprehensive  report  on  both  infrasound  and  'subsound' 
from  severe  weather,  in  which  they  reviewed  the  published  and  unpublished  his- 
tory of  severe-weather  waves.  They  reported  an  apparent  connection  between 
observed  wave  period  and  hail  size,  and  they  demonstrated  a  spatial  and  temporal 
coincidence  between  radar-located  storm  activity  and  wave  origin  determined 
by  triangulation  from  up  to  four  microbarograph  arrays.  They  also  showed  a 
similarity  between  seasonal  and  diurnal  wave-occurrence  statistics  and  those 
of  severe  storms  in  the  midwest  and  suggested  that  the  direction  of  upper- 
atmosphere  winds  plays  an  important  role  in  determining  wave  observability. 

Curiously,  I  have  not  found  any  published  reports  of  severe-weather  infra- 
sound by  anyone  outside  the  NOAA  Geoacoustics  Group. 

b.  Summary  of  observations.  Because  no  distinguishing  wave  form  char- 
acteristics identify  severe-weather  infrasound,  it  is  more  difficult  than  for  the 
ionospheric  events  discussed  in  section  2  to  define  the  criteria  by  which  one 
identifies  a  given  infrasound  signature  as  being  of  the  severe-weather  type.  In 
practice,  severe-weather  waves  are  tentatively  screened  simply  by  eliminating 
all  other  identifiable  wave  types.  In  retrospect,  this  turns  out  to  be  a  sensible 
process,  because  during  spring  and  summer,  severe-weather  infrasound  is  observed 
much  more  frequently  than  any  other  type.  However,  experience  has  shown 
that  the  relative  frequency  of  'mistaken  identities,'  though  still  small,  is  larger 
for  severe-weather  infrasound  than  for  ionospheric  Doppler  signatures,  unless 
independent  corroborative  evidence  is  sought  from  meteorological  data.  After 
such  corroborative  evidence  was  obtained  for  a  large  number  of  wave  events, 
the  identification  and  selection  criteria  were  reinforced  and  refined,  and  the  selec- 
tion process  became  more  reliable. 

As  a  result  of  this  process,  what  we  now  know  about  severe-weather  infra- 
sound can  be  distilled  as  follows: 

1.  Severe-weather  infrasound  is  detected  with  microbarograph  arrays 
whose  sensors  are  spaced  from  3  to  10  km  apart  and  are  tuned  to  accept  signals 
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primarily  within  the  1-  to  60-sec  (wave  period)   band. 

2.  The  waves  are  observed  most  frequently  during  early  evening. 

3.  Seasonal  dependence  maximizes  during  midsummer  at  Boulder  but  in 
late  spring  at  Washington,  D.C.  (see  item  17) . 

4.  Storm-associated  waves  are  so  identified  when  their  arrival  direction 
coincides  within  3°  with  a  radar-indicated  storm  with  at  least  40,000-foot  tops 
occurring  at  the  same  time.  On  the  other  hand,  many  apparently  suitable  storms 
produce  no  observable  infrasound.  This  implies  the  existence  of  some  unknown 
additional  condition  that  must.be  satisfied  before  emissions  occur. 

5.  Events  can  last  several  hours,  i.e.,  much  longer  than  the  lifetime  of  a 
single  convection  cell.  Mean  duration  is  about  two  hours.  Occasionally  very 
short  duration  events  are  recorded,  but  their  apparent  brevity  is  often  caused 
by  increases  in  local  background  noise  at  the  sensors. 

6.  The  amplitude  distribution  of  several  hundred  events  recorded  at  Boulder 
has  a  median  at  0.6  /xbar  and  10  and  90  percentile  values  of  1.25  and  0.3  /tbar. 

7.  Observed  wave  periods  range  between  extremes  of  about  6-300  sec,  with 
12-60  sec  being  'typical.' 

8.  Frequency  spectra  are  generally  broad  but  occasionally  exhibit  sharp 
peaks.  No  characteristic  wave  frequencies  or  frequency-time  patterns  are  yet 
evident.  There  is  some  evidence  linking  longer-period  waves  with  larger,  more 
severe  storms,  especially  those  producing  hail. 

9.  Spatial  coherence  is  usually  as  high  as  for  waves  from  point  sources, 
often  permitting  azimuth-of-arrival  determinations  to  within  about  3°. 

10.  Changes  in  azimuth  of  wave  arrival  often  coincide  with  the  motion 
of  storm  systems  indicated  by  weather  radars. 

11.  Azimuth  of  arrival  often  shifts  abruptly  during  an  event.  Occasionally 
waves  from  two  locations  in  a  storm  system  appear  simultaneously,  one  dimin- 
ishing in  strength  while  a  second  is  increasing.  The  waves  are  apparently 
generated  within  regions  having  dimensions  much  smaller  than  those  of  storm 
groupings  indicated  on  weather  radars.  Such  groupings  typically  subtend  20° 
or  more  at  the  sensors. 

12.  Horizontal  trace  speeds  are  always  nearly  sonic  or  slightly  greater. 
During  observations  of  waves  attributable  to  nearby  storms  (within  about 
100  km),  horizontal  trace  speeds  appear  to  increase  with  the  storm's  approach, 
suggesting  an  increase  in  vertical  arrival  angle,  but  the  waves  still  travel 
essentially  horizontally. 

13.  Some  storms  over  1500  km  from  the  sensors  have  been  identified  as 
sources  by  triangulation  and  tracking  from  several  observatories. 

14.  A  strong  correlation  apparently  exists  between  wave  events  and  the 
appearance  on  weather  radars  of  strong  convective  storm  echoes  whose  indi- 
cated tops  penetrate  the  tropopause. 

15.  Although  a  relatively  large  fraction  of  the  waves  have  been  associated 
with  tornado-spawning  storms,  many  of  the  waves  appear  to  come  from  non- 
tornadic  storms. 

16.  With  the  exception  of  'local'  storms,  i.e.,  those  within  about  100  km 
of  an  observatory,  severe-weather  infrasound  observed  at  both  Boulder,  Colo- 
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rado,  and  Washington,  D.C.,  appears  to  come  almost  exclusively  from  the 
central  United  States.  In  particular,  apparently  none  is  ever  observed  from 
the  direction  of  Florida,  where  thunderstorm  frequency  is  high  [U.S.  Depart- 
ment of  Commerce,  1970] . 

17.  The  different  seasonal  dependence  at  different  observatories  suggests 
that  upper-atmosphere  winds  exert  a  strong  directional  filtering  effect  on  wave 
propagation  to  long  distances. 

18.  Well  over  100  instances  of  severe-weather  infrasound  have  so  far 
been  associated  with  independently  observed  storm  activity.  The  sparsity  of 
published  data  makes  the  actual  number  uncertain,  however,  and  it  may  be 
much  higher. 

c.  Other  severe-weather  waves.  To  avoid  confusion  with  the  waves  whose 
properties  have  just  been  outlined,  the  existence  of  at  least  two  other  distinct 
kinds  of  storm-associated  waves  must  be  mentioned  here.  The  first  is  a  class 
of  long-period  (greater  than  about  5  min)  slow-speed  (much  less  than  sonic) 
waves  that  Down  et  al.  [1954]  and  Bowman  and  Bedard  [1971]  have  associated 
with  the  passage  of  weather  fronts,  squall  lines,  and  nearby  convective  activity. 
Some  of  these  waves  appear  to  be  closely  related  to  the  pressure  jumps  recorded 
on  ordinary  barographs  [Williams,  1953],  while  others  are  more  oscillatory 
and  display  properties  of  atmospheric  internal  gravity  waves.  It  is  worth  repeat- 
ing some  of  the  details  of  Donn's  wave  observations  because  they  might  be 
related  to  severe-weather  infrasound: 

1.  Pressure  jumps  frequently  precede  (by  as  much  as  1  hour)  the  passage 
of  a  squall  (a  line  of  convective  storms  accompanying  cold-front  passage),  but 
only  when  unstable  atmospheric  conditions  exist  ahead  of  the  cold  front.  Pres- 
sure jumps  observed  under  stable  conditions  are  not  followed  by  squalls.  The 
pressure  jumps  are  probably  manifestations  of  waves  or  pressure  surges  aloft  and 
force  convection  only  when  they  pass  through  a  zone  of  latent  instability. 

2.  Short-period  (~1  min)  fluctuations  often  cease  during  frontal  passage 
(when  longer-period  fluctuations  appear)  and  then  resume  after  the  front  has 
passed.  These  fluctuations  appear  to  be  related  to  the  diurnal  variations  in  cloud 
cover  and  usually  disappear  at  night.  They  are  interpreted  as  pressure  oscilla- 
tions of  low-level  turbulence  or  convection  phenomena  dependent  on  solar 
heating  of  the  surface. 

3.  Medium-period  (6  to  7  min)  waves  very  frequently  follow  the  passage 
of  cold  fronts  in  the  evening.  These  are  thought  to  be  gravity  waves  on  the 
frontal  surface  aloft,  which  are  triggered  by  small  but  sudden  pressure  changes 
following  sunset. 

4.  Strong,  full-wave  oscillations  with  periods  of  about  20  min  frequently 
accompany  thunderstorm  passage.  These  are  interpreted  as  marking  the  con- 
vection pattern  of  thunderstorm  cells,  namely,  a  sharp  downdraft  followed 
by  an  updraft  and  a  weaker  downdraft. 

As  these  observations  illustrate,  it  is  important  to  distinguish  between 
pressure  fluctuations  that  may  be  generated  by  convective  activity  and  those 
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that  may  precede  (and  even  play  a  role  in  causing)  such  activity.  Williams 
and  Hori  [1970]  have  developed  a  possibly  relevant  model  for  the  formation 
of  hydraulic  jumps  in  the  atmosphere,  and  they  cite  previous  attempts  to 
construct  hydraulic  analogues  of  squall  lines. 

The  second  class  of  storm-associated  waves  is  generally  known  as  'micro- 
baroms,'  because  they  are  closely  related  to  a  class  of  seismic  waves  called 
'microseisms.'  Both  microbaroms  and  microseisms  come  from  the  vicinity  of 
storms  at  sea  and  appear  to  be  directly  related  to  each  other  and  to  sea  state. 
Current  models  for  microbarom  generation  invoke  selective  coupling  between 
sea  waves  and  atmospheric  waves  [Donn  and  Posmentier,  1968].  Distinguish- 
ing characteristics  of  microbaroms  are  their  low  spatial  coherence  and  high 
frequency  coherence.  The  pressure  signatures  are  virtually  monochromatic  in 
appearance  and  always  have  wave  periods  very  near  5-7  sec.  Microbarom 
amplitudes  are  usually  less  than  1  /tbar. 

In  practice,  once  the  distinguishing  characteristics  of  these  two  wave 
types  are  recognized,  neither  is  likely  to  be  confused  with  the  acoustic  waves 
from  convective  storms. 

d.  Pressure  sensing:  Method  and  biases.  Direct  measurements  of  the 
pressure  fluctuations  associated  with  infrasonic  waves  are  considerably  more 
straightforward  than  indirect  wave  sensing  by  means  of  ionization  'tracers'  of 
the  wave  motions.  We  therefore  expect  fewer  sources  of  error  and  observational 
bias  in  their  interpretation.  Cook  and  Bedard  [1971]  and  Georges  and  Young 
[1972]   review  the  essentials  of  microbarometric  pressure  measurements. 

Probably  the  most  important  source  of  bias  in  microbarograph  systems 
is  the  spatial  and  temporal  filtering  that  each  observer  builds  into  his  sensing 
and  processing  systems.  No  standards  have  become  widely  accepted,  so  that 
most  observatories  operate  systejns  that  respond  in  their  own  unique  way  to 
the  atmospheric  wave  spectrum.  This  inhibits  intercomparison  of  data. 

Another  important  bias  in  surface-pressure  measurements  is  imposed  by 
the  level  of  so-called  background  noise  produced  by  local  (nonpropagating) 
pressure  fluctuations.  On  the  average,  the  frequency  dependence  of  this  noise 
sets  an  f~2  lower  bound  on  detectable  signals  (cf.  Kimball  and  Lemon  [1970] 
and  references  they  cite) .  Thus,  for  example,  waves  with  an  essentially  uniform 
power  spectral  density  over  a  broad  band  may  be  above  noise  level  only  in  some 
high-frequency  portion  of  that  band.  It  should  be  noted,  however,  that  the 
absolute  noise  level  is  highly  variable  with  time  and  location.  Even  under  opti- 
mum noise  conditions,  signal  to  noise  ratios  for  severe-weather  infrasound  are 
typically  less  than  1. 

e.  Estimating  source  power.  Estimates  of  source  power  from  micro- 
barograph  measurements  are  not  complicated  by  the  interaction  between  the 
waves  and  a  tracer,  e.g.,  ionization,  but  are  hindered  by  complicated  propagation 
effects  and  the  fact  that  sources  at  many  distances  have  been  identified.  As  long 
as  we  are  interested  only  in  wave  energy,  we  can  regard  the  refraction  and 
trapping  of  acoustic  waves  below  the  thermosphere  as  a  process  that  essentially 
converts  a  spherical  wave  into  a  cylindrical  wave  for  distances  greater  than 
a  few  hundred  kilometers.  The  height  of  the  cylindrical  wave  guide  h  is  about 
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100  km,  and  we  assume  that  acoustic  energy  is  distributed  uniformly  between 
the  bottom  and  top  of  the  guide.  The  radiated  power  P  in  terms  of  the  measured 
power-flux  density  W  at  a  horizontal  distance  r  is  thus 

P  =  2rrhW  (7) 

A  pressure  wave  of  amplitude  p  has  an  average  power-flux  density  of 

W  =  KpVpoC)  (8) 

In  section  3b  we  said  that  the  median  observed  wave  amplitude  is  0.6  /u.bar, 
or  0.06  N/m2.  No  dependence  of  wave  amplitude  on  source  distance  has  emerged 
from  observations,  so  that  the  best  we  can  do  is  assign  the  0.6  /xbar  value  to 
some  mean  source  distance.  A  tentative  estimate  of  500  km  is  suggested  by 
inspection  of  a  sample  of  wave  events  whose  sources  have  been  identified  with 
some  certainty.  This  gives  a  value  of  2.3  x  107  W  average  radiated  power, 
which  compares  favorably  with  the  2.8  X  107  W  estimated  from  ionospheric 
soundings. 

4.    CONTRASTS  AND  SIMILARITIES 

The  points  enumerated  under  'Summary  of  Observations'  in  sections  26 
and  36  are  arranged  to  permit  direct  comparison  of  corresponding  numbers  for 
the  two  forms  of  observation.  The  reader  is  encouraged  to  now  go  back  and 
read  the  two  lists  'in  parallel.' 

The  similarity  of  the  circumstances  under  which  both  kinds  of  waves  are 
seen  is  so  striking  that  it  is  hard  to  avoid  the  conclusion  that  they  have  a 
common  source  mechanism.  Still,  only  a  few  examples  have  been  recorded 
where  both  wave  types  were  seen  simultaneously  and  where  both  could  be 
identified  with  the  same  storm  system. 

A  minor  discrepancy  exists  in  the  distances  at  which  the  two  kinds  of  waves 
are  detected.  The  ionospheric  waves  seldom  appear  more  than  300  km  from 
the  source,  whereas  surface  pressure  waves  are  seen  as  far  as  1500  km  away. 
This  discrepancy  is  rather  easily  explained  in  terms  of  a  model  for  acoustic 
refraction  at  the  base  of  the  thermosphere,  and  it  will  be  discussed  in  more 
detail  in  a  later  paper  on  propagation  effects. 

The  only  serious  discrepancy  appears  to  be  in  the  wave  spectrum  seen 
with  the  two  techniques.  A  narrow  band,  double-peaked  spectrum,  always  near 
2-  to  5-min  period,  appears  in  the  ionosphere,  whereas  a  broad  band,  highly 
variable  spectrum  of  wave  periods  in  the  tens  of  seconds  characterizes  the 
surface  pressure  fluctuations.  The  most  obvious  explanation  of  this  difference 
is  that  the  emissions  are  essentially  broad  band  and  that  propagation  and 
observational  effects  filter  differently  the  waves  detected  by  the  two  different 
sensors.  In  one  test  of  this  assumption,  Davies  and  Jones  [1972c]  attempted 
unsuccessfully  to  detect  the  2-  to  5-min  waves  on  a  single  microbarograph 
during  their  1970  experiment  in  Oklahoma.  This  result  is  inconclusive,  however, 
because  the  microbarograph  bandwidth  they  used  passed  waves  with  periods  as 
long  as  30  min  or  more,  whose  large  amplitudes  (over  100  /*bar)   could  easily 
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mask  short-period  fluctuations  of  microbar  amplitude.  Furthermore,  a  single 
microbarograph  is  unable  to  distinguish  propagating  waves  from  local,  non- 
propagating  pressure  fluctuations. 

The  source  power  estimates  in  the  previous  two  sections  seem,  on  the 
surface,  to  indicate  agreement,  until  it  becomes  evident  that  the  two  estimates 
refer  to  different  parts  of  the  atmospheric  wave  spectrum  and  to  different 
bandwidths.  Is  the  apparent  agreement,  then,  only  fortuitous?  Since  both  source 
power  estimates  were  made  from  typical  amplitude  measurements  of  band- 
limited  signals,  the  power  estimates  refer  to  the  total  power  in  the  respective 
bands.  Let  typical  bandwidths  for  the  ionospheric  waves  be  between  3-  and  4-min 
period,  or  1.38  mHz,  and  for  the  surface  infrasound,  10-30  sec  (67  mHz).  Then 
the  average  power  spectral  densities  for  the  respective  waves  are  2.03  X  107 
W/mHz  and  3.5  X   10s  W/mHz. 

In  the  light  of  what  we  now  know,  it  seems  reasonable  to  form  a  set  of 
hypotheses  about  the  nature  of  the  emitting  mechanism  from  which  alternative 
models  of  the  source  can  be  constructed.  Until  we  find  evidence  to  the  contrary, 
let  us  tentatively  assume  the  following: 

1.  The  ionospheric  and  surface  pressure  waves  are  just  different  mani- 
festations of  the  same  emissions. 

2.  The  emission  mechanism  is  essentially  broad  band,  and  its  spectrum 
may  vary  considerably  from  event  to  event. 

3.  The  difference  between  the  observed  wave  spectra  on  the  ground  and 
in  the  ionosphere  is  caused  by  the  interplay  of  several  filtering  mechanisms 
that  involve  both  propagation  effects  and  those  of  background  noise  on  the 
sensors. 

Figure  1  illustrates  this  last  hypothesis  in  a  purely  schematic  and  quali- 
tative way.  The  shaded  areas  indicate  the  portions  of  the  source  spectrum 
observable  (above  noise  level)  on  the  ground  (right)  and  in  the  ionosphere 
(left).  This  picture  also  explains  why  it  is  difficult  to  detect  3-min  waves  on 
microbarographs  even  though  they  may  be  as  strongly  emitted  as  10-sec  waves. 
More  careful  measurements  of  the  power  spectral  density  distributions  of  both 
wave  types  should  permit  more  accurate  estimates  of  the  source  spectrum  shape. 

When  the  power  spectral  density  calculations  made  earlier  are  considered 
in  the  light  of  such  a  model,  much  larger  estimates  for  total  source  power  emerge. 
The  estimates  of  power  spectral  density  for  both  bands  suggest  that  the  actual 
emission  spectrum  is  at  least  two  decades  wide  and  peaks  nearer  3-min  period 
than  tens  of  seconds.  If  a  total  of  5  X  107  W  is  visible  only  through  the  4-  to 
5-min  and  the  10-  to  30-sec  windows,  it  is  not  unreasonable  to  suppose  that 
an  order  of  magnitude  more  energy  is  emitted  over  some  much  broader  band. 
A  broad  band  source  candidate  would  thus  have  to  predict  emissions  of  the 
order  of  108  to  109  W. 

Our  early  assertion  that  the  emissions  probably  do  not  represent  a  sig- 
nificant portion  of  a  convective  storm's  energy  budget  can  now  be  made  more 
quantitative.  A  rough  estimate   (at  least  a  lower  bound)   for  a  severe  storm's 
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Fig.  1.    Sketch  of  a  hypothetical  broad  band  source  spec- 
trum  showing   how   different   portions    (shaded)    might   be 
visible  on  the  ground  and  in  the  ionosphere  in  the  presence 
of  ambient  noise  levels  and  atmospheric  filtering. 

total  energy  can  be  obtained  from  the  total  kinetic  energy  in  the  updraft  current. 
Assume  an  updraft  with  a  10-km  diameter,  a  5-km  height,  and  a  mean  updraft 
speed  of  10  m/sec  [Newton,  1967].  Its  total  kinetic  energy  is  about  2.3  x  1013 
joules.  Taking  a  cell  lifetime  of  1000  sec  (the  time  for  the  energy  to  be  converted 
into  other  forms)  gives  an  average  energy  conversion  rate  of  about  2.8  X  1010 
W,  compared  with  our  estimated  108  to  109  W  acoustic  radiated  power.  Also  an 
elementary  estimate  shows  that  a  storm's  kinetic  energy  is  probably  2  orders  of 
magnitude  less  than  that  released  by  condensation  of  water  vapor.  The  impreci- 
sion inherent  in  both  of  these  estimates  of  acoustic  and  storm-associated 
power  allows  only  a  small  possibility  for  the  acoustic  radiation  to  be  ener- 
getically significant. 


5.    A  CASE  STUDY  OF  A  STORM  OBSERVED 
WITH  BOTH  TECHNIQUES 

Finally,  in  this  review  of  present  knowledge  about  severe-weather  infra- 
sound, we  examine  the  details  of  one  instance  of  simultaneous  recordings  of 
both  the  ionospheric  waves  and  surface  pressure  waves  from  severe  weather. 
Both  waves  apparently  originated  in  the  western  Oklahoma  storm  system  of 
June  27-28,  1969,  whose  ionospheric  effects  Davies  and  Jones  [1971]  studied. 
The  reader  should  study  Figures  7  and  8  of  that  paper,  which  reproduce  the 
Oklahoma  City  Doppler  record  and  associated  weather-radar  charts. 

Broad  band  infrasound  with  dominant  periods  between  20  and  40  sec  was 
recorded  on  the  Boulder  array  of  four  microbarographs  during  the  same  interval. 
Its  arrival  azimuth,  mainly  between  125°  and  130°,  coincided  with  the  direction 
of  the  Oklahoma  storm  system  about  750  km  away.  We  processed  this  infra- 
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sound  on  the  NOAA  analogue  correlator  [Brown,  1959]  to  produce  the  azimuth- 
time  display  of  Figure  2.  'Altitude'  in  this  three-dimensional  representation  is 
an  estimate  of  signal  to  noise  ratio  calculated  automatically  by  the  correlator, 
which  used  the  definition  S/N  =  R/(l  —  R),  where  R  is  the  broad  band 
coherence  of  the  wave  over  the  microbarograph  array.  Background  noise  level 
remained  relatively  constant  during  the  period,  so  that  fluctuations  in  S/N 
presumably  reflect  fluctuations  in  the  strength  of  the  received  acoustic  wave. 
The  shape  of  the  pattern  is  of  course  smoothed  in  azimuth  by  the  antenna 
pattern  of  the  microbarograph  array  and  in  time  by  a  10-min  integration 
window.  Also,  the  display  has  been  truncated  below  S/N  =  0.3  to  emphasize 
the  features  of  the  more  coherent  wave  arrivals.  The  value  0.3  is  somewhat 
arbitrary  but  is  roughly  the  value  above  which  experience  has  shown  reliable 
wave  measurements  can  be  made. 

Evidently,  the  'signal'  is  composed  of  a  sequence  of  pulsations,  each  about 
20  min  in  duration,  arriving  mainly  from  between  125°  and  130°  but  differing 
slightly  in  azimuth.  The  mean  interval  between  the  indicated  pulsations  is  20.3 
min,  with  a  standard  deviation  of  4.6  min.  Measurements  of  dominant  wave 
period  and  apparent  direction  of  arrival  during  each  individual  pulsation  are 
indicated  at  the  top  of  Figure  2. 

Such  pulsations  of  severe-weather  infrasound  have  not  been  mentioned 
heretofore;  they  apparently  have  not  been  noticed  because  low  signal  to  noise 
ratios  require  the  sort  of  processing  displayed  here  to  reveal  the  waves'  struc- 
tural details.  Similar  pulsations,  in  fact  of  similar  duration,  are  of  course  a 
well-known  feature  of  the  ionospheric  waves  (see  section  2b,  items  7  and  8). 
However,  in  analysis  of  the  pulsations,  emphasis  has  been  placed  on  their  prop- 
erties in  the  frequency  domain.  Using  the  nominal  values  of  3.5  and  4.5  min 
that  Davies  and  Jones  [1971]  give  for  the  peaks  of  the  spectral  fine  structure, 
we  calculate  a  nominal  duration  of  each  modulation  cycle  of  15.75  min.  Small 
departures  from  the  nominal  values  yield  large  changes  in  the  modulation 
period;  for  example,  3.7  and  4.5  min  give  a  20.8-min  envelope. 

The  existence  of  pulsations  in  both  wave  observations  immediately  prompts 
a  detailed  comparison  of  their  time  histories  during  this  storm.  To  make  the 
comparison  we  plot  on  the  same  time  axis  the  S/N  computed  for  the  infrasound 
arriving  at  Boulder  along  with  the  amplitude  of  the  Oklahoma  City  Doppler 
fluctuations  scaled  from  Figure  7  of  Davies  and  Jones's  [1971]  paper.  We 
expect  a  time  shift  between  wave  arrivals  at  the  two  sensing  locations,  so  that 
we  can  shift  the  two  traces  somewhat  along  the  time  axis  for  optimum  fit. 
Figure  3  shows  the  two  records  adjusted  for  best  visual  correlation;  the  Boulder 
infrasound  record  has  been  advanced  21  min  relative  to  the  time  scale  and 
to  the  Doppler  amplitude  record.  A  21-min  shift  is  reasonably  close  to  estimates 
of  the  difference  in  acoustic  propagation  time  calculated  with  standard-atmo- 
sphere winds  and  temperatures. 

Continuous  beam  steering  in  azimuth  was  employed  in  constructing  the 
Boulder  S/N  trace;  this  maximizes  overall  coherence  in  case  azimuth  of  wave 
arrival  varies  during  the  interval.  In  this  case,  the  trace  is  essentially  the  same 
as  the  125°  trace  of  Figure  2,  because  azimuth  changes  were  small. 
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We  feel  that  the  fit,  though  far  from  perfect,  is  remarkable  in  view  of  the 
numerous  propagation  effects  that  could  cause  different  amplitude  scintillations 
over  the  widely  different  propagation  paths.  Coincidence  of  total  event  duration 
is  also  notable.  Correlation  appears  to  be  best  near  the  beginning  and  end  of 
the  event  but  poorer  in  the  middle,  when  the  ionospheric  oscillations  exhibit  a 
less  regular  appearance.  Similar  correlations  have  been  found  between  the 
other  three  ionospheric  events  studied  by  Davies  and  Jones  [1971]  and  infra- 
sound recorded  at  Boulder. 

This  result  suggests  that  the  same  modulation  or  pulsations  visible  on  the 
ionospheric  waves  are  also  characteristic  of  infrasound  detected  on  the  ground. 
If  so,  it  is  the  modulation  envelope,  not  the  3.5-  and  4.5-min  spectral  com- 
ponents of  the  ionospheric  waves,  that  may  be  characteristic  of  the  wave  source 
mechanism. 

The  appearance  of  the  same  modulation  on  both  wave  types  strongly 
argues  against  any  explanation  of  the  spectral  'fine  structure'  of  the  ionospheric 
waves  based  on  propagation  filtering.  The  basic  question  that  remains,  however, 
is  why  the  'carrier'  frequencies  differ  so  much  in  the  two  cases.  Propagation 
effects  still  seem  the  most  likely  explanation  of  this  anomaly. 

The  20-min  pulsation  interval  strongly  suggests  a  relationship  with  the 
observed  15-  to  20-min  interval  between  successive  emergences  of  individual 
cumulus  towers  in  multicellular  storms  (cf.  Anderson  [1960]  and  references 
he  cites) .  It  is  thus  tempting  to  explain  the  observed  pulsations  as  the  sequential 
radiation  from  individual  convective  cells  within  a  storm  complex.  If,  for 
example,  the  emission  mechanism  is  aerodynamic,  one  might  expect  each  cell 
to  radiate  most  strongly  during  its  period  of  most  rapid  growth  when  updraft 
currents  are  strongest.  The  observed  changes  in  azimuth  and  spectral  content 
between  pulsations  lend  support  to  this  idea.  What  remains,  of  course,  is  to 
identify  the  pulsations  observationally  with  the  birth  and  death  of  individual 
convection  cells. 

To  find  out  if  any  specific  details  of  a  storm's  development  could  be 
associated  with  the  acoustic  radiation,  we  examined  the  sequence  of  radarscope 
photographs  made  at  the  Oklahoma  City  weather  radar  during  the  June  28, 
1969,  storm.  Figure  4  plots  the  principal  storm  tracks  on  an  outline  of  Oklahoma 
that  also  contains  a  scale  showing  azimuth  from  Boulder.  A  puzzling  feature 
of  this  storm  complex  is  the  appearance  between  2330  and  0330  hours  of  a 
virtually  stationary  storm  echo,  while  several  other  storm  echoes  simultaneously 
appeared  to  move  rapidly  toward  the  northeast.  Some  of  the  moving  storms 
(those  labeled  B  and  C  in  Figure  4)  apparently  merged  with  the  stationary 
storm  at  about  0200;  another  (labeled  D)  apparently  split  from  the  stationary 
storm  at  about  0000  hours,  then  moved  rapidly  northeastward.  Most  of  the 
acoustic  radiation  observed  at  Boulder  appears  to  come  from  between  124° 
and  130°,  the  azimuth  of  the  stationary  storm,  and  between  about  0030  and 
0230  hours  (corrected  for  propagation  time).  Some  arrivals  outside  of  this 
azimuth  range  are  indicated  on  Figure  2,  and  they  may  be  associated  with  the 
moving  storms,  but  we  associate  less  confidence  with  those  measurements 
because  of  their  lower  signal  to  noise  ratios.  The  National  Weather  Service 
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reported  hail  as  large  as  1J  inches,  up  to  5  inches  of  rainfall,  and  two  tornadoes 
associated  with  the  stationary  storm,  but  no  severe  weather  was  reported  from 
the  nearby  moving  storms,  even  though  some  of  their  echo  heights  were  well 
above  40,000  ft.  Evidently,  infrasound  is  closely  associated  with  a  storm's 
severity,  as  judged  in  human  terms. 

This  case  study  shows  that  we  need  to  know  more  evolutionary  details  of 
the  emitting  storms  than  seem  to  be  available  from  conventional  weather  radars. 
For  example,  it  would  be  useful  to  identify  the  birth  and  death  of  individual 
convection  cells  for  comparison  with  the  acoustic  pulsations.  Doppler  radars  may 
be  suited  to  this  purpose. 

An  alternative  explanation  of  the  acoustic  pulsations  might  be  formulated 
in  terms  of  propagation  scintillations,  where  the  atmospheric  irregularities 
producing  the  scintillations  are  composed  mainly  of  internal  atmospheric  gravity 
waves.  This  suggestion  will  be  examined  quantitatively  in  a  future  paper. 


6.    WHAT  NEXT? 

Research  on  this  problem  can  now  proceed  in  at  least  three  useful  directions. 
First,  the  several  proposed  source  models  should  be  refined  and  examined  more 
closely  to  see  if  they  survive  the  constraints  imposed  by  existing  knowledge 
about  the  waves.  Each  surviving  model  should  predict  distinct  consequences 
that  can  be  tested  observationally.  Second,  an  observational  program  should  be 
mounted  to  refine  the  spatial  and  temporal  relationships  between  both  wave 
types  and  storm  observables.  In  particular,  such  a  program  should  test  the 
predictions  of  the  alternative  source  models.  Third,  because  it  is  already  clear 
that  several  'atmospheric  filtering'  mechanisms  obscure  the  true  nature  of  the 
source,  we  should  try  to  understand  how  propagation  effects  color  the  observa- 
tions. In  particular,  refraction,  ducting,  dissipation,  and  possibly  nonlinear 
effects  need  to  be  examined. 

The  papers  that  follow  in  this  series  will  report  on  attempts  to  carry  through 
such  a  plan. 

Acknoioledgment.  I  have  drawn  heavily  on  the  collective  experience  of  the  NOAA 
Geoacoustics  Group  in  preparing  this  paper.  From  data  processing,  through  many  informa- 
tive discussions,  to  revisions  of  the  manuscript,  their  help  has  been  indispensable. 
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1.  INTRODUCTION 

Infrasound  is   the  name   given  to  a 
class   of  acoustic  waves  whose   frequencies   are 
subaudible  but   which  travel   through  the 
atmosphere   at   essentially  the   local   speed  of 
sound.      A  long-period  limit  therefore  exists 
at   the  atmosphere's   acoustic-cutoff  period, 
about   1*   minutes   in  the  troposphere. 

Many   kinds   of  natural   infrasound 
have  now  been  classified,   but   adequate  models 
of  natural   source  mechanisms  exist    for  only 
a   few.      Georges   and  Young   (1972)    review 
techniques    for  observing  infrasound  with  arrays 
of  microbarographs   as  well  as   present  know- 
ledge about   at   least  nine   different  kinds   of 
natural   infrasound. 

It   has  been  known   for  over  a  decade 
that   certain  convective  storms   emit  infrasound 
powerful   enough  to  be  detected  over  1500  km 
away.      These  waves  typically  have  amplitudes 
of  about   1  microbar  and  periods  between  10   and 
kO   sec.      More   recently,   a  connection  has  been 
found  between  certain  severe   storms   and  a 
particular  class   of  wavelike  oscillations   in 
the   ionospheric   F  region,   200  to  300  km  above 
the  ground.      These  waves   are  observed  with 
ground-based  radio-echo  sounders   and  have 
periods  between  2  and  5  minutes.      I  have 
recently   reviewed  elsewhere   (Georges,   1973) 
the  history  and  phenomenology   of  both  of  these 
manifestations  of  severe-weather  infrasound. 

The  purpose  of  this   paper  is  to 
report  briefly  some   results   of  recent  obser- 
vations that  may  interest  those  who  study 
severe  storms  and  also  those  responsible   for 
forecasting  their  behavior. 


2 .  OBSERVATIONS 

As   part   of  an  effort  to   find  the 
emitting  mechanism,  we  examined  the  details 
of  infrasound  received  at   Boulder,   Colorado, 
during  the  1972   storm  season.      Some   1^6 
distinct  wave   'events'   were  logged  during 
June,   July  and  August   (a  slightly  larger 
number  would  have   resulted   from  a  stricter 
definition  of    'event',   since   a  few   intervals 
studied  evidently  contained  multiple  arrivals.) 

With  the  aid  of  weather-radar  charts, 
severe-storm  reports   and  other  relevant  geo- 
physical data,  we   screened  and  classified  each 
of  the  1U6  events   according  to   its   most  probable 
origin.      Figure  1   shows  the  classification 
scheme   used  and  the  number  of  events    falling 


into  each  category. 
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Events   were   classified  as   storm- 
associated  when  a  time   coincidence  between 
wave   arrival   and  storm  activity  existed 
(accounting   for  acoustic  propagation  time), 
and  when  the   direction  of  wave  arrival  coin- 
cided within  2  degrees   with  the   location  of 
storm  activity.     With  these   rather  strin- 
gent criteria  we   expect    few    'mistaken 
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identities.'      In  some  cases,   triangulation 
from  other  infrasound  observatories   provided 
additional   confirmation. 

About   86   (59*)    of  the  events 
appear  to  be  connected  with  convective-storm 
activity,   mainly   in  the  Midwest.      Of  those, 
we   identify  67   {!&%)   with  storms  that 
produced  effects   usually  denoted  by  the  term 
'severe  weather',   that   is,   large  hail,   heavy 
rainfall,   high  local  winds   or  tornadoes.      The 
remaining  19   storm-associated  waves   were  so 
identified  because  of  apparent  coincidence 
with   storms   indicated  only  on  weather  radars, 
but  whose  tops   exceed  ^0,000   ft.      It  seems 
likely  that   many  of  these  detected  storms 
produced  severe   effects  that   were  simply  not 
reported   for  some   reason. 

A  breakdown   of  severe-storm 
sources  by   state  is   shown   in   figure  2.      (The 
total  adds   up  to  more  than  86  because  of 
storms  that   overlap  states.) 

If  we  adopt  the  point  of  view  of 
storm  detection  or  warning,  the   remaining 
60   (Ul?)   events  that  we   could  not   associate 
with  storm  activity  might  be  called   'false 
alarms.'      However,   virtually  all  of  the   false 
alarms   appear  to  exhibit  some  property  that 
permits  them  to  be  distinguished  from  storm- 
associated  waves   after  detailed  analysis   of 
waye  properties.     In  particular,  most  of  the 
false   alarms      (such  as  the  two  specifically 
mentioned  in  figure  1)   could  be   identified 
without  the  need  to  consult  independent 
weather  records  by  a  sensor  network  that 
permitted  source  location.     Also,  because  of 
the  long  distances   at  which  severe-storm 
infrasound  can  be  detected,   it  is   reasonable 
to  think  of  a  network  of  two  or  three  sensor 
arrays  that   could  identify,   locate  and 
possibly  track  most  of  the  emitting  storms 
between  the  Mississippi   and  the  Rockies. 

To  test  this   idea,  we  have  recently 
deployed  two  additional  microbarograph  arrays 
at  Rapid  City,   South  Dakota,  and  near 
Albuquerque,   New  Mexico,   to  supplement  the 
Boulder  observatory  for  observations  during 
the  1973  season.     The  three  triangles  on  the 
map  of  figure  2  indicate  the  locations  of 
the  three  observatories.     No  results  of  this 
test  are  available  at  this  writing,  however. 

Results  of  further  statistical 
breakdown  of  the  1972  observations   are  shown 
in  figure   3.     Part   (a)   shows  the  distribution 
of  observations  of  severe-weather  infrasound 
by  hour  of  the  day,   during  the  3-month  observ- 
ing period.      The  waves   clearly  tend  to  occur 
in  late  afternoon  or  early  evening,   Just   as 
do  severe  thunderstorms   in  the  Midwest.      Part 
(b)   shows  the  number  of  hours  each   calendar 
day,   during  which  severe-weather  infrasound 
was   observed.      This   plot   is   smoothed  by  a  5-day 
running  average.     No  attempt  has  yet  been  made 
to  associate  this  pattern  with  any  synoptic- 
scale  weather  trends.     Waves  begin  to  appear  in 
Boulder  in  mid-May,   rather  than  in  March  or 
April  when  severe  storms  begin  in  the  Midwest, 


because   east-to-west   infrasound  prop.-i^utiwii   L:; 
inhibited  by   prevailing  mesoapheric  winds 
before   they    reverse   direction    from  eastward   to 
westward  around   mid-May.      Wave   observations    in 
Washington,    D.C.,    exhibit   a   complementary 
behavior.      Part    (c)    is   a  histogram  showing 
the   distribution   of  wave-event   duration.      The 
mean   duration   is   about   2  hours. 
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Figure  2.     Distribution     by  state  of  sources 

of  severe -weather  infrasound 

during  the  1972  observing  period, 

also  showing  the   locations  of 

three  observatories  for  the  1973  season. 


It   is  significant  that  1*5  of  the 
86  storm-associated  waves  have  been  identified 
with  storms  that  produced  documented  tornadoes 
or  funnel  dlouds.     Furthermore,   over  two-thirds 
of  the  emitting  storms  were  in  Texas,  Oklahoma, 
Kansas,  Nebraska  or  South  Dakota,  notorious  as 
'tornado  alley.'     The   fact  that  tornadic   storms 
represent  a  large   fraction   (over  half)   of  the 
emitting  storms,  but  a  small  fraction  of  all 
storms ,   suggests  that  the  emitting  mechanism 
may  be  tornado- related.     Yet  a  significant 
fraction  of  the  emitters  evidently  produced 
no  reported  tornadoes.     It   is  thus  tempting  to 
seek  an  explanation  in  terms  of  the  intense 
concentrations  of  vorticity  that  seem  to  be 
present  in  some  storms,   some  but  not  all  of 
which  grow  into  tornadoes .     Work  is  presently 
underway  on  theoretical  source  models  for  the 
production  of  infrasound  by  vortices. 

Perhaps  the  most  interesting  and 
potentially  useful   feature  of  the  emissions 
is  an  apparent  tendency  to  occur  in  the  early 
stages  of  storms  that  later  produce  the  sever- 
est effects.     In  one  closely  studied  case,   a 
storm  on  27-28  June  1969   in  western  Oklahoma 
emitted  infrasound  that  was  monitored  in 
Boulder  between  about   00-03  hours   (U.T.). 
After  accounting  for  acoustic-propagation  time, 
the  beginning  of  the  emissions  is  estimated  to 
be   30  to  1»5  min  earlier,  or  at  2315  to  2330  on 
the  27th.     The  N0AA  publication   'Storm  Data' 
for  June  1969  reports  a  tornado,   up  to  5  inches 
of  rainfall  and  1-3A   inch  hail  in  the  emitting 
area  between  00  and  0UU5  U.T.,  and,   in  partic- 
ular,  one  tornado  at  0157  U.T.      Furthermore, 
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the  emissions   appeared  to  come   from  the   area 
reporting  the  severe   effects    and  not    from 
ether  nearby   storms   with   echo  tops   up  to 
66,000   ft.      Further  details   of  the   emissions 
from  this   storm  are   reported  in  the   review 
paper  cited  earlier    (Georges,   1973). 
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Figure  3.     Statistical  breakdown  of 

86  Bevere-etorm-infraeound 
events  according  to  (a)  time  of  day, 
(b)  day  of  year,  and  (c)  event  duration. 


Work  is   continuing  toward  refining 
and  testing  various   source  models   and  toward 
assessing  the  ultimate  usefulness   of  infra- 
sound for  severe-storm  identification  and 
warning  purposes.      It  seems  reasonable  to 
assume  that   much  of  the  loss   of  life   and 
social  disruption  wrought  by  severe  thunder- 
storms may  ultimately  be  preventable,  either 
through  timely  warnings  that  permit  the  public 
to  take  shelter,   or  through  storm-modification 
techniques.      In  either  case,   a  key  problem, 
clearly,   is     to  refine  our  abilities  to 
identify   the  potentially   dangerous   storms 
in  their  earliest  stages.      Infrasound  Is   Just 
one  of  several  new    'remote-sensing'    tools 
being  applied  to  this  task. 
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As  stated  by  Baker,  Murrow  and  Henry 
[1965]  conclude  that  the  rms  apparent  velocity 
fluctuations  due  to  the  self-induced  motion  of 
balloons  depends  on  terminal  velocity  of  the 
balloons.  The  actual  ascent  rate  of  the  Gossard, 
Richter,  Atlas  (GRA)  balloon  is  shown  in  Fig- 
ure 1.  The  ascent  rate  was  deliberately  chosen 
to  be  as  small  as  possible.  In  the  region  above 
the  inversion  layer,  where  the  GRA  oscillations 
are  most  pronounced,  it  is  seen  that  the  ascent 
rate  is  less  than  that  of  any  of  the  balloon 
systems  tested  by  Murrow  and  Henry  and  about 
half  that  assumed  by  Baker.  Thus  the  balloon 
self-induced  velocity  fluctuation  should  be  about 
half  that  deduced  by  Baker.  However,  the  self- 
induced  fluctuation  so  deduced  would  still  be 
of  the  same  general  magnitude  as  that  observed 
by  GRA. 

We  believe  the  following  are  convincing  argu- 
ments for  the  physical  reality  of  the  fluctuations 
in  velocity  discussed  by  GRA  [1970]  and  Hines 
[1970]: 

1.  Instead  of  being  proportional  to  balloon 
ascent  rate,  as  are  the  self-induced  oscillations 
of  Murrow  and  Henry,  the  GRA  oscillations  are 
greatest  above  400  meters  where  the  ascent  rate 
is  least,  as  shown  by  Figure  1. 

2.  Murrow  and  Henry  state  that  'these  oscil- 
lations are  not  simple  sinusoidal  motion  and  are 
not  limited  to  a  single  plane,'  and  their  figures 
testify  to  the  inherent  randomness  of  the  self- 
induced  motions.  An  impressive  feature  of  the 
GRA  oscillations  is  their  sinusoidal  character 
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(actually  more  apparent  in  the  raw  data  plot 
than  the  drawing  produced  by  the  illustrator). 

3.  There  seems  to  be  a  consistent  relation- 
ship between  the  GRA  type  of  fluctuation  and 
the  atmospheric  structure.  Figure  2  is  included 
to  emphasize  that  the  sounding  in  GRA  is  not 
unique  and  to  point  out  characteristic  similari- 
ties. The  observation  techniques  were  very  dif- 
ferent. The  sounding  in  GRA  was  obtained  by 
optical  (theodolite)  tracking  with  readings  at 
10-sec  intervals.  Figure  2  was  obtained  with 
standard  GMD  equipment  which  automatically 
tracks  the  transmitted  signal  and  reads  out 
automatically  and  digitally  every  6  sec.  As  in 
the  GRA  sounding,  the  oscillations  are  roughly 
sinusoidal  and  appear  above  and  within  the 
temperature  inversion  but  cease  at  the  top  of 
the  radar  echo.  Fairly  small,  more-or-less  ran- 
dom velocity  fluctuations  reminiscent  of  the 
Murrow  and  Henry  oscillations  appear  in  all 
balloon  soundings,  but  the  characteristic  struc- 
ture of  Figure  2  and  GRA  Figure  14  is  only 
seen  occasionally  (3  cases  out  of  approximately 
20  observations),  -and  in  all  cases  the  radar 
reveals  a  similar  relation  to  atmospheric  struc- 
ture. 

4.  Figure  2  shows  that  the  oscillations  ap- 
pear also  in  humidity  and  temperature  within 
the  inversion  layer.  They  are  most  pronounced 
in  humidity,  probably  because  of  the  fast  re- 
sponse of  the  carbon  humidity  element.  If  self- 
induced  displacement  of  the  balloon  were  to 
account  for  the  variations  in  relative  humidity, 
vertical  displacements  of  70  meters  would  be 
required  during  a  mean  height  change  of  ap- 
proximately 140  meters.  No  fluctuations  even 
close  to  this  magnitude  are  indicated  by  the 
pressure  height  calculations,  and  it  is  much  more 
reasonable  to  assume  the  humidity  fluctuations 
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are  caused  by  wave  motion  perturbing;  the  at- 
mospheric region  of  the  large  humidity  gradient. 

We  recognize  the  importance  of  Baker's  sug- 
gestion and  urge  definitive  experiments  to  re- 
solve the  issue.  We  believe  that  experiments  of 
major  importance  can  now  be  carried  out  com- 
bining the  new  class  of  radar  and  acoustic 
sounders  with  special  wind  profile  measure- 
ments. We  suggest  optical  tracking  of  smokq. 
trails  from  rockets  or  smoke  bombs,  or  perhaps 
tracking  of  Jimspheres. 
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The  scatter  of  sound  waves  by  fog,  cloud,  rain  and  snow  particles  is  analyzed  for  the  Raylcigh  case  (i.e., 
D«X).  It  is  shown  that  relatively  standard  acoustic  echo-sounding  equipment  should  obtain  strong  echoes 
(about  49  dB  above  noise  at  300  m  range)  during  heavy  snow  conditions.  Rain  at  300  m  range  would  produce 
echoes  varying  from  about  23  dB  to  about  (58—1')  dH  above  noise  lor  conditions  ranging  from  drizzle  (I 
mm  hr"1)  to  heavy  rain  (25  mm  hr_1),  the  parameter  V  being  used  to  denote  the  increase  in  noise  level  in 
dB  due  to  precipitation  noise,  logs  and  clouds  with  Z^  5X10-1  mmB  m"3  would  be  delectable  out  to  300  m 
range  on  the  standard  system. 

Acoustic  energy  scattered  from  naturally  occurring  velocity  and  temperature  lluctuations  in  the  boundary 
layer  of  the  atmosphere  will  tend  to  mask  the  hydrometeor  echoes.  Three  methods  of  distinguishing  hy- 
dromctcor  echoes  from  those  resulting  from  irregular  velocity  and  temperature  fields  arc  suggested.  An 
optimum  experimental  configuration  to  study  hydrometeor  echoes  is  proposed. 

The  fluctuation  in  acoustic  refractive  index  created  by  the  turbulent  wakes  of  precipitating  hydromeleors 
has  also  been  investigated  theoretically;  it  is  concluded  that  the  wakes  are  loo  weak  to  be  detected  in  the 
presence  of  the  normal  spectra  of  variability  of  the  atmospheric  boundary  layer. 


1.  Introduction 

The  scatter  of  acoustic  waves  by  atmospheric  turbu- 
lence and  temperature  inhomogencities has  been  studied, 
both  experimentally  and  theoretically,  by  a  number  of 
authors  [see  Little  (1969)  for  a  review  of  this  work]. 
The  current  paper  turns  to  the  theory  of  the  detecta- 
bility of  hydrometeors  by  direct  acoustic  echo-sounding 
methods.  Kayleigh's  early  result  on  the  scattering  cross 
section  of  small  spherical  particles  is  used  to  compute 
the  expected  signal-to-noise  ratios  for  given  hydro- 
meteor and  acoustic  echo-sounder  conditions.  Since 
any  hydrometeor  echoes  must  be  detected  in  the 
presence  of  echoes  from  the  irregular  velocity  and  tem- 
perature fields  of  the  boundary  layer  of  the  atmosphere, 
methods  for  identifying  the  hydrometcoric  echo  com- 
ponent are  proposed. 


Medium   m,  <r 


The  problem  of  the  acoustical  effects  of  the  wakes 
produced  by  precipitating  hydrometeors  is  discussed 
brief!)'. 

2.  The  scatter  of  sound  waves  by  small  spherical 
particles 

The  scatter  of  sound  waves  by  a  spherical  particle 
whose  diameter  is  small  compared  with  the  acoustic 
wavelength  was  originally  discussed  by  Rayleigh  in 
1872. 

For  the  case  (see  Fig.  1)  in  which  a  plane  wave  of 
wavelength  X,  propagating  through  a  medium  of  bulk 
modulus  m  and  density  <r,  is  incident  upon  a  small 
sphere  of  volume  T,  bulk  modulus  ;«',  and  density  a' , 
he  showed  that  the  amplitude  of  the  scattered  wave 
at  a  point  a  distance  r  from  the  sphere  at  an  angle  0 
relative  to  the  direction  of  propagation  of  the  plane 
wave,  is  given  by  (dropping  the  time-dependent  term) 


wTrm'-m    3(a'-a)        "| 

$,=$, — cos0  , 

AVL    m'         <7+2<r'  J 


(1) 


where  ^,  is  the  amplitude  of  the  incident  plane  wave1 
(Rayleigh,  Vol.  2,  p.  284). 


Fig.  1.  The  scattering  of  a  plane  acoustic  wave  by  a  small  sphere. 


1  This  equation  differs  from  Rayleigh's  by  the  use  of  the 
negative  sign  in  the  bracket;  this  is  necessary  because  I  have 
followed  the  current  practice  of  measuring  scatter  angles  from  the 
forward  propagation  direction,  instead  of  from  the  opposite 
direction. 
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Hence,  the  scattered  power  llu\  is  proportional  to 

4>,W1r»i'  —  »i     3(ff'—  a)        "|- 

(*.)*  = cose  .  (2) 

XV     L     m  a  +  2a'  J 

Note  thai  the  intensity  sliows  the  standard  Ravlcigh 
X-4  dependence  of  the  scattered  energy,  characteristic 
of  scatter  at  wavelengths  large  compared  with  the 
diameter  of  the  scatterers. 

In  modern  meteorological  radar  parlance  the  scatter- 
ing efficiency  of  a  single  target  is  expressed  in  terms  of 
its  radar  cross  section  a,  defined  by 


P.=a- 


1', 

Awr* 


(3) 


where  P,  is  the  power  llu\  in  the  beam  incident  upon 
the  target,  and  P,  the  scattered  power  flux  at  range  r. 
It  will  be  seen  that  a  is  that  area  which,  normal  to  an 
incident  flux  P„  and  re-radiating  the  intercepted  flux 
isotropically,  would  produce  the  observed  scattered 
power  flux  P ,. 

Using  (3)  in  (2)  we  have 


Airr^P,     47r;TW-m     3(</-<r) 


P, 

Substituting 


1" 


c+la' 


COS0 


tD3 


T  =  - 


where  D  is  the  diameter  of  the  sphere,  we  have 

•I- 


x*D<rm'—m    3(<r'-<r)         ">2 

a  = cos0 


9X<  L     m' 


(7  +  2(7' 


For  the  case  of  water  or  ice  spheres  in  air,  the  bulk 
modulus  m'  of  the  drop  is  very  large  compared  with 
that  of  the  air,  m,  and  similarly,  (7'»<t.  Using  these 
facts 


7T5Z?6 

a= [l-$cos0]2. 

9X« 


(4) 


As  discussed  by  Lamb  (1932),  the  two  terms  within 
the  brackets  represent  two  types  of  disturbance  which 
have  different  polar  diagrams.  In  the  absence  of  the 
drop,  the  space  which  it  occupies  would  be  filled 
alternately  with  condensations  and  rarefactions  of  the 
air  due  to  the  incident  acoustic  wave.  The  presence  of 
the  drop  inhibits  these  density  variations.  The  resultant 
scattered  wave  at  a  distance  is  just  that  which  would 
be  caused  in  an  otherwise  uniform  medium  by  a 
periodic  variation  in  the  volume  of  the  obstacle  suffi- 
cient to  compensate  for  the  above  variations  in  density. 
This  alternate  dilation  and  contraction  would  act  as  a 
monopole    source,    and    would    radiate    isotropically. 


Superimposed  on  this  field  is  a  second  scattered  wave 
component  due  to  the  immobility  of  the  obstacle.  If 
the  obstacle  had  the  same  inertia  (i.e.,  density)  as  the 
air,  and  was  freely  movable,  it  would  participate  in  the 
longitudinal  oscillations  of  the  sound  wave,  swaying 
to  and  fro  in  response  to  the  wave.  Because  the  ob- 
stacle has  much  greater  density,  it  behaves  as  if  ii 
were  fixed.  The  resultant  scattered  component  at  a 
distance  is  just  that  which  would  be  produced  if  the 
obstacle  were  to  oscillate  to  and  fro  in  a  straight  line, 
with  a  motion  equal  and  opposite  to  that  of  the  air 
particles  in  the  undisturbed  wave.  This  component  is 
therefore  equivalent  to  a  dipole  source,  i.e.,  it  has  a 
COSfl  amplitude  polar  diagram  with  nulls  at  0  =  90°,  and 
changes  phase  between  the  forward  and  backward 
hemisphere. 

The  amplitudes  of  these  two  scattered  waves  are  in 
the  ratio  1:  (  — 1.5  cos0).  They  are  in  phase  in  the 
rearward  hemisphere  and  out  of  phase  in  the  forward 
hemisphere;  as  a  result  more  power  is  scattered  into 
the  rearward  than  into  the  forward  hemisphere.  At  an 
angle  0  =  cos_1(|)  =48.2°,  the  two  scattered  compo- 
nents are  equal  in  magnitude  and  opposite  in  phase, 
and  therefore  exactly  cancel  each  other. 

The  above  discussion  has  ignored  the  effects  which 
the  hydrometeors  may  have  on  the  absorption  of 
acoustic  waves.  The  absorption  effects  fall  into  three 
categories:  absorption  in  the  interior  of  the  hydro- 
meteor;  excitation  of  mechanical  oscillations  of  the 
hydrometeor;  and  absorption  associated  with  momen- 
tum, energy  and  mass  exchange  between  the  moist  air 
and  the  hydrometeor. 

Taking  first  the  absorption  in  the  interior  of  the 
hydrometeor,  it  is  known  (Vigoreux  and  Hersey,  1962; 
Westphal,  1965)  that  the  attenuation  of  sound  in  water 
and  ice  is  low.  In  addition,  the  discontinuity  in  acoustic 
impedance  at  the  air-water  or  air-ice  interface  is  large, 
and  therefore  very  little  energy  is  transmitted  into  the 
medium.  (For  a  plane  wave  incident  normally  onto  a 
plane  water  surface,  only  about  1  part  in  1000  of  the 
incident  energy  is  transmitted  into  the  water;  the 
amount  transmitted  will  be  even  less  for  ice,  or  for 
angles  of  incidence  other  than  normal.)  For  these 
reasons,  we  may  ignore  the  absorption  of  sound  in  the 
interior  of  water  or  ice  spheres. 

A  second  possibility,  the  transfer  of  acoustic  energy 
into  mechanical  oscillation  of  liquid  (or  solid)  drops, 
can  also  be  seen  to  be  negligible.  Such  a  transfer  of 
energy  will  proceed  with  maximum  efficiency  only  if 
the  frequency  of  the  acoustic  wave  is  resonant  with  the 
natural  frequency  of  oscillation  of  the  drop,  and  if  the 
wavelength  of  the  acoustic  wave  is  "resonant"  (i.e., 
equal  to)  the  diameter  of  the  drop.  Fig.  2  shows  that 
for  the  range  of  drop  sizes  and  acoustic  frequencies 
appropriate  to  acoustic  echo  sounding  of  hydrometeors, 
these  two  conditions  cannot  be  fulfilled  simultaneously. 

The  extra  absorption  produced  by  the  presence  of 
small  fog  particles  has  been   investigated  both   theo- 
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Fig.  2.  Spatial  and  frequency  resonance  conditions  for  resonant 
interaction  between  acoustic  waves  and  mechanical  oscillation  of  a 
water  drop,  as  a  function  of  drop  radius.  Line  A  gives  the  wave- 
length resonance  condition,  X  =  D ;  line  B  the  mechanical  resonance 
condition,  /=  (8F/3xih)*  [Lamb,  1932],  relating  the  acoustic 
frequency  /  to  the  surface  tension  F  and  mass  m  of  the  drop. 


retically  and  experimentally  by  Cole  and  Dobbins 
(1970,  1971),  whose  theoretical  work  included  the 
effects  of  momentum,  energy  and  mass  transfer  be- 
tween the  droplet  and  the  moist  air.  Their  work  shows 
that,  at  the  high  audio  frequencies  appropriate  to 
acoustic  echo-sounding  of  hydrometeors,  the  extra  ab- 
sorption produced  by  the  presence  of  fog  particles  is 
small  compared  with  that  already  existing  in  the  moist 
air,  being  largest  in  the  case  of  dense  fogs  of  small 
particles  (diameter  ~5/im).  For  a  given  liquid  water 
content  per  cubic  meter  of  air,  the  excess  absorption 
decreases  rapidly  with  increasing  droplet  size,  and 
would  be  insignificant  for  medium  and  heavy  rainfall 
conditions. 

The  effect  of  snowflakes  upon  the  attenuation  of 
acoustic  waves  is  not  known.  Their  large  surface  areas 
will  enhance  the  effects  of  viscosity,  and  it  is  possible 
that  significant  absorption  might  occur  along  the 
acoustic  propagation  path.  However,  the  true  scatter- 
ing cross  section  could  presumably  be  obtained  by 
measuring  the  hydrometeor  scattering  cross  section  as 
a  function  of  height  and  extrapolating  the  observed 
value=  to  zero  range. 

For  backscatter,  0  =  180°,  Eq.  (4)  reduces  to 


ai80  = 


25irbD6 
36\*   ' 


The  above  equation  relates  to  the  scattering  cross  sec- 
tion of  a  single  drop.  Under  conditions  of  fog  or  pre- 
cipitation, there  will  be  many  drops  within  the  pulse 


volume  of  an  acoustic  echo-sounder.  Assuming  that  the 
drops  scatter  independently  of  each  other,  the  total 
scattering  cross  section  of  the  particles  within  the  pulse 
volume  V  will  be  given  by 

2  Sir'' 

cttotai= L  DR. 

36,V    v 

The  acoustic  reflectivity  »),  i.e.,  the  backward-scattering 
cross  section  per  unit  volume  of  the  region,  will  be 
given  by 


257, 


n=- 


36\*V  v 


Iff. 


(5) 


Eq.  (5)  can  be  compared  with  the  (orr  sponding 
expression  for  the  Rayleigh  scatter  of  electromagnetic 
waves  incident  upon  small  spheres  (see,  for  example, 
Atlas,  1964) 


\4v  v 


K 


(6) 


where  \K\2=  \  (m2—  l)/(w2+2)|2and  w  =  «i  —  /«2, i.e.,  m 
is  the  complex  refractive  index  of  the  spherical  target. 
(In  the  acoustic  case  | K\2  is  replaced  by 


25J 


r«  —  m    3(o-  —  o-n2    z> 
<L    m'         o-+2r/  J      36 


for  the  case  6=  180°,  m'»m  and  cr'»<r.) 

Since  \K |2  is  of  the  order  0.9  for  water  and  0.2  for 
ice,  we  see  that  the  acoustic  reflectivities  of  small 
spherical  liquid  or  ice  particles  are  respectively  about 
0.77  and  3.5  times  the  corresponding  microwave 
reflectivities. 

Eqs.  (5)  and  (6)  are  appropriately  applied  to  small 
spherical  raindrops  or  hailstones.  For  snowflakes,  it 
might  seem  necessary  to  use  values  of  D,  c'  and  m' 
appropriate  to  the  size,  shape  and  densities  of  the 
snowflakes.  By  analogy  with  the  radio  case  (Atlas, 
1964)  we  may  use  the  value  of  m'  and  a'  corresponding 
to  solid  ice,  providing  that  we  use  the  corresponding 
value  of  D,  i.e.,  the  diameter  of  the  (solid)  ice  sphere 
of  mass  equal  to  snowflake.  This  argument,  of  course, 
requires  that  the  snowflake  dimensions  remain  small 
compared  with  the  wavelength. 

For  a  given  echo-sounder,  X  is  usually  constant  and 
the  reflectivity  of  a  region  of  precipitation  is  propor- 
tional to^F  D6.  In  meteorological  radar,  it  is  conven- 
tional to  write  (1/V)  £y  D6  =  Z,  where  Z  is  termed  the 
reflectivity  factor,  and  is  a  function  only  of  the  number 
and  size  of  the  particles  per  unit  volume.  Note  that 
both  the  acoustic  and  the  radiowave  reflectivities  are 
proportional  to  Z;  hence,  the  numerous  published 
measurements  of  Z  obtained  with  meteorological  radars 
can  be  used  immediately  in  estimating  the  acoustic 
reflectivities  of  fog  and   precipitation.   In   particular, 
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I  he  empirical,  relationships  between  Z  and  M  (the 
liquid  wain  content  per  unit  volume  of  air)  or  between 
Z  and  R  (the  precipitation  rale)  found  using  meleoro- 
logical  radars  will  also  be  directly  applicable  to  acoustic 
echo-sounders. 

The  experimentally  determined  relationships  be- 
tween /.,  M  and  R  show  considerable  spread,  as  might 
be  expected  from  the  known  variability  in  size  dis- 
tribution of  precipitating  particles  (Mason,  1957). 
Nevertheless,  experience  has  shown  that  the  following 
empirical  relationships  typically  predict  Z  to  within 
about  a  factor  of  two  (Atlas,  1964): 

For  rain,    Z  =  2WRur\  (7) 


For  snow,  Z=UM)RlR, 
where  7.  is  in  mm"  m~'  and  R  in  mm  hr~'. 


(8) 


3.  The  detectability  of  backscattered  signals  from 
hydrometeors 

a.  The  radar  equation 

For  a  diffuse  target  which  completely  fills  the  antenna 
beam,  the  received  echo  power  available  at  the  receiver 
input  terminals  can  be  shown  to  be  given  by 


-[ 


0.16Pry,yrLcT-A.-\ti        r, 

— =5— , 

16tt  J/?2       R- 


(9) 


where  the  constants  and  the  echo-sounder  parameters 
grouped  in  the  square  bracket  are  denoted  by  S,  and 
where : 

P,     input  electrical  power  to  transmitting  transducer 
-y,      efficiency  of  conversion  of  electrical  power  to 

acoustic  power  in  the  transmitting  transducer 
-»     efficiency  of  conversion  of  acoustic  power  to 

electrical  power  in  the  receiving  transducer 
L      loss  factor  to  allow  for  any  attenuation  in  the 

two-way  round  trip  path  to  the  scattering 

region 
C      velocity  of  sound 
t       pulse  length 

7j       radar  reflectivity  of  diffuse  target 
X       acoustic  wavelength 
R      range  of  scattering  region 
At    effective  collecting  area  of  antenna  to  a  point 

source   on    the    axis   of   the    antenna   beam 

(GoX74r) 
Co     power  gain  of  antenna,  in  direction  of  maximum 
gain,  over  isotropic  radiator 

b.  Predicted  stgnal-lo-noise  ratios 

Eq.  (9)  shows  that  the  echo  strengths  can  be  pre- 
dicted for  various  hydrometeor  conditions,  if  one  as- 
sumes appropriate  values  for  each  of  the  parameters 
shown.  These  echoes  must,  however,  be  detected  in  the 
presence  of  background  noise.  The  critical  factor  de- 


Tahi.e  1.  Assumed  parameters  of  the  acoustic  echo  sounder. 

P,-40\V 

7,  =  -»  =  (l.2 
C  =  340  m  sec-1 
T=l()-'sec 
A,=  \  m» 
ft  =10  Hz* 

X  =  6.8cm  (/=5  kHz) 
/V=10dtt 
R  =  3W  m 


*This  bandwidth  is  the  minimum  appropriate  lianduidlh  fur 
a  pulse  length  of  10'1  sec,  and  would  lie  applicable  only  under 
conditions  of  negligible  Doppler  broadening  (for  example,  cloud 
and  fog  particles  viewed  vertically).  I  nder  other  conditions,  re- 
ceiving handwidths  of  up  to  perhaps  3(H)  Hz  might  lie  required  lo 
receive  the  Doppler-shifted  and  or  Doppler-liroadcned  signal. 
Such  handwidths  would  degrade  the  signal-lo-noisc  ratio  by  up 
to  30:1  (i.e.,   $15  <IB)  relative  to  the  values  shown  in  Table  2. 


termining  the  detectability  of  echoes  is  the  signal-to- 
noise  ratio  X,  usually  expressed  in  decibels  (dH),  i.e., 


A(dB)  =  101ogltr 


signal  power 
system  noise  power 


The  system  noise  power  is  given  by  NkTB,  where  AT 
is  the  effective  system  noise  figure,  A'  Boltzmann's 
constant,  T  the  ambient  temperature  (assumed  to  be 
293K)  and  B  the  receiver  bandwidth.  Using  this  fact, 
we  have 


A'  =  10  log 


H-)— 1 

L   \RVKkTBl 


(10) 


The  signal-to-noise  ratios  have  been  calculated, 
using  Eq.  (10)  and  appropriate  values  of  echo  sounder 
and  hydrometeorological  conditions,  as  indicated  in 
Tables  1  and  2. 

From  Table  2  we  see  that  clouds  and  fogs  would  give 
detectable  echoes  only  at  the  higher  Z  values,  specifi- 
cally, for  Z>5X10~2  mm6  m-3.  However,  the  param- 
eters of  the  sounder  have  deliberately  been  chosen 
conservatively,  and  it  should  be  practicable  to  increase 
the  signal-to-noise  ratios  by  from  10-20  dB  by  such 


Table  2.  Predicted  signal-to-jioise  ratios  for  various  hydrometeor 
conditions,  at  a  range  of  300  m. 


Hydrometeor 
condition 


Precipi- 
tation 
rate 
(mm 
hr"') 


(mm"  m  J) 


L* 

(dB) 


Signal  'noise 
(dB) 


Cloud 
Fog 

Drizzle 
Light  rain 
Heavy  rain 
Light  snow 
Heavy  snow 


1 
1 

25 
I 

10 


10-'  to  1 

10-'  to  1 

10' 

2X10* 

3.3X10* 

10* 

4X10' 


10 
10 
10 
10 
10 
20 
20 


•17  to  +13 
-  7  to  +13 

23 

(36- *) 

(58-  Y) 

33 

49 


*  The  round-trip  attenuation  values  L  were  chosen  to  be  con- 
sistent with  the  acoustic  frequency,  the  echo  range,  and  the 
precipitation  conditions. 


115 


May  1972 


C .     GORDON'     MTT 


I.F. 


752 


I    I    I    I    I    I    I    I    I    I 


Sculler  Angle,  fl  (degrees) 


Fie.  3.  Angular  dependence  of  the  acoustic  scattering  cross 
section  for  small  hydrometcors  (/J«X),  and  for  the  Knlmogorov 
spectra  of  velocity  and  temperature  fluctuations. 


steps  as  increased  radiated  power,  increased  pulse 
length,  decreased  receiver  bandwidth,  increased  trans- 
ducer efficiency,  increased  antenna  size,  etc.  In  this 
case,  echoes  of  detectable  strength  (i.e.,  X^O)  should 
be  obtainable  to  300  m  range  in  almost  all  fog  and  cloud 
conditions. 

Table  2  also  shows  that  the  proposed  sounder  would 
give  strong  (~23  dB)  to  very  strong  (58  dB)  echoes 
under  conditions  of  precipitation.  Thus,  a  light  drizzle 
(1  mm  hr_1)  would  give  a  signal-to-noise  ratio  of  ~23 
dB,  a  light  snow  ~33  dB,  and  a  heavy  snow  ~49  dB. 
It  is,  however,  important  to  note  that  the  increase  of 
noise  level  during  light-to-heavy  rainfall  conditions 
would  reduce  the  signal-to-noise  level  by  an  unknown 
amount.  This  reduction  would,  of  course,  be  a  strong 
function  of  the  design  of  the  antenna  (especially  its 
sensitivity  to  precipitation  noise)  and  would  depend 
upon  rainfall  conditions  (precipitation  rate  and  drop- 
size  distribution).  The  corresponding  signal-to-noise 
values  expected  for  light  and  heavy  rain  should  there- 
fore be  written  as  (36-JV)  dB  and  (58- F)  dB,  where  X 
and  Y  represent  the  unknown  degradation  of  the  noise 
levels  by  the  rain.  Studies  should  be  made  of  the  mag- 
nitude of  this  degradation,  though  appropriate  shield- 
ing of  the  antenna  against  direct  impact  by  the  rain- 
drops, plus  careful  control  of  the  antenna  side  lobes 
and  electronic  filtering  techniques  should  give  values 
of  X  and  Y  considerably  smaller  than  36  and  58  dB, 
respectively,  thereby  permitting  detection  of  the  hy- 
drometer echo. 

The  above  estimates  of  signal-to-noise  ratio  are  based 
on  a  scatter  angle  of  180°,  i.e.,  co-located  transmitter 
and  receiver.  For  bistatic  systems,  it  is  necessary  to 
correct  for  the  [1  —  (§)  cos0]2  change  in  scattering  cross 
section  of  the  individual  scatterers,  as  well  as  for  the 
change  in  the  scattering  volume,  i.e.,  the  change  in  the 


volume  of  the  atmosphere  which   contributes  echoes 
simultaneously  to  the  receiver. 

4.  Distinguishing  the  hydrometeor  echoes 

Several  authors,  notably  McAllister  ei  <il.  (1%°), 
have  shown  that  acoustic  echoes  can  readily  be  ob- 
tained from  the  naturally  occurring  small-scale  turbu- 
lence and  temperature  inhomogeneities  in  the  boundary 
layer  of  the  atmosphere.  The  echo  strengths  obtained 
are  comparable  to  or  greater  than  those  computed 
above  for  hydrometcors  (Little,  1969;  Derr  and  Little, 
1970),  and  the  problem  of  distinguishing  the  hydro- 
meteor  echoes  from  the  atmospheric  echo  is  therefore 
a  significant  one. 

The  above  analysis  has  concerned  itself  only  wilh 
the  amplitude  of  the  scattered  signal.  Three  other 
characteristics  of  the  scattered  signal  may,  however, 
be  used  to  distinguish  between  the  hydrometeor  and 
atmospheric  echoes.  These  are  the  different  scatler- 
angle  dependence,  the  different  wavelength  dependence, 
and  the  different  Doppler  shifts,  to  be  expected  fot 
scattered  signals  of  the  two  types. 

a.  The  scaltcr-angle  dependence  of  acoustic  echoes 

As  shown  by  several  authors  (e.g.,  Monin,  1961), 
the  scat  tering  cross  section  of  atmospheric  inhomogenei- 
ties is  a  strong  function  of  scatter  angle.  In  the  case  of 
a  Kolmogorov  spectrum  of  turbulence  in  a  region  con- 
taining temperature  and  velocity  fluctuations,  the  scat- 
tering cross  section  per  unit  volume  is  given  by 


rev      e        i 

>?(0)=O.3O&1  cos20  —  cos2-+0.13 

Lc2       2 


-1 


do 


where  k=2ir/\,  A  is  the  acoustic  wavelength,  and  Cv 
and  Ct  are  the  structure  constants  defining  the  in- 
tensity of  the  small-scale  velocity  and  temperature 
fluctuations,  respectively.  The  cos20  term  preceding  the 
bracket  means  that  the  scattering  cross  section  will  be 
zero  for  0=90°,  i.e.,  that  no  echo  will  be  obtained  from 
either  the  velocity  field  or  the  temperature  field  if  the 
transmitter  beam  and  receiver  beam  intercept  at  90°. 
The  cos2(0/2)  term  inside  the  bracket  multiplies  only 
the  velocity  fluctuations  and  results  in  zero  cross  section 
at  0  =  180°,  i.e.,  no  echoes  from  the  velocity  fluctuations 
will  be  observed  in  the  direct  backscatter  direction. 
The  (sin0/2)-"/3  multiplies  both  the  velocity  and  the 
temperature  fluctuations,  and  shows  that  the  scattered 
power  is,  in  fact,  mostly  concentrated  into  the  forward 
hemisphere. 

As  discussed  earlier,  the  scatter  of  sound  by  small 
hvdrometeors  shows  a  null  at  0  —  48.2°,  and  most  of  the 
scattered  power  is  scattered  into  the  backward  hemi- 
sphere.   The    scatter-angle    dependences    for    hydro- 
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meteors,  velocity  fluctuations  and  temperature  lluctua- 
tions  arc  shown  in  Fig.  3.  It  is  important  to  note  that 
measurements  of  radar  reflectivity  r)  at  three  suffi- 
ciently widely-spaced  scatter  angles  will  permit  the 
separate  identification  of  each  component  of  the  total 
reflectivity,  since  we  obtain  three  equations  with  only 
three  unknowns.  A  suitable  selection  of  scatter  angles 
would  be  0=90°  (for  which  tj„=  177=  0,  i.e.,  the  scatter 
cross  sections  due  to  velocity  Huctuations  and  tem- 
perature fluctuations  are  both  equal  to  zero);  5=180° 
(for  which  ij„=0)  and  0=48.2°  (for  which  ijw,  the 
scattering  cross  section  per  unit  volume  due  to  hy- 
drometeors,  is  equal  to  zero).  Thus,  the  echo  power 
for  0=90°  is  given  by 


■/'90  =  --|(>77,.0+>7r90+'?W9o)  —-'!'?  //SO—  " 


4.4 


VH\w 


25 
For  0  =  180°,  we  may  write 

/'l80  =  #(>7rno+'?IMSO+'7//]8o)='6('?ri80+'?tflbo). 

25  Pa 


=  B[  r)Tn<>-\ I! 

\  4.4    / 


therefore, 


7*180      25/9 


For  0=48.2°,  we  may  write 

i,48.2=C(ijT„..+  1r«,.,+  VHit?)  =  C(rjr4,.,+  y,„,2), 

therefore, 


P» 


V '*>.»"- 


1       /"iso     25/^9o\ 
A  B         4.4   / 


In  the  above  equations,  A,  B  and  C  are  constants 
determined  from  the  known  parameters  of  the  sounding 
system,  and 


7  = 


cos20 


(sinD 


COS20 


f    0\u'3 


=11.9. 


J  »-180 


In  using  this  approach,  it  should  be  recognized  that 
practical  systems  will  use  antenna  beamwidths  up  to 
several  degrees  wide,  and  therefore  will  not  attain  the 
complete  90°,  48.2°  and  180°  nulls  discussed  above. 
However,  it  can  be  shown  that  more  than  30  dB  of 
suppression  of  the  unwanted  component  will  be  ob- 
tained, provided  that  beamwidths  of  less  than  4°  be- 
tween half-power  points  are  used.  This  implies  the  use 
of  antenna  apertures  of  the  order  15X  in  diameter,  or 
about  1  m  for  a  typical  hydrometeor  echo-sounding 
frequency. 


b.  Multi-Wi.velenglli  method  oj  identifying  hydrometeor 
echoes 

As  shown  by  Eqs.  (4)  and  (11),  a  very  strong  dif- 
ference exists  between  the  wavelength  dependence  of 
the  scattering  cross  sections  of  hydrometeors  and  a 
Kolmogorov  spectrum  of  velocity  and  temperature  ir- 
regularities. The  hydrometeors  would  be  expected  to 
show  the  standard  Rayleigh  \~*  dependence  and  a 
Kolmogorov  spectrum  of  irregularities  a  X~»  dependence. 

This  difference  could  therefore  be  used  to  differ- 
entiate between  the  hydrometeoric  and  atmospheric 
components  of  the  echoes.  (This  method  has  been 
used  successfully  in  radar  meteorology,  where  the 
same  wavelength  dependences  occur.)  Thus,  neglecting 
changes  in  absorption,  atmospheric  echoes  should  in- 
crease in  strength  by  1  dB  octave  increase  in  frequency; 
for  hydrometeors,  the  change  would  be  +12  dB,  as- 
suming that  the  hydrometeors  are  still  small  compared 
with  the  wavelength. 

One  difficulty  with  this  method  is  that  any  frequency- 
dependent  attenuation  of  the  acoustic  waves  by  the 
intervening  atmosphere  would  modify  the  observed 
frequency  dependence  of  the  echoes.  The  magnitude  of 
this  effect  would,  of  course,  be  dependent  upon  range, 
and  it  would  therefore  be  desirable  to  measure  the 
frequency  dependence  as  a  function  of  range,  and  then 
to  determine  the  true  frequency  dependence  by  extrap- 
olating to  zero  range. 

c.  The  Doppler  method  oj  identifying  hydrometeoric  echoes 

In  the  general  bistatic  case,  acoustic  echoes  from 
either  hydrometeors  or  irregularities  in  the  acoustic 
refractive  index  of  the  atmosphere  will  show  a  Doppler 
shift  in  the  observed  frequency  of  the  echo  given  by 


/VT    VB\ 


where  \'t  is  the  component  of  the  velocity  of  the 
scatterers  in  the  direction  of  the  transmitter  and  \'r 
the  component  of  this  velocity  toward  the  receiver.  In 
the  special  case  of  collocated  transmitter  and  receiver 
this  reduces  to 

2VT 

A/= . 

X 

Since  the  vertical  velocities  of  snowflakes  and  rain 
are  of  the  order  1  and  5  m  sec-1,  respectively,  a  verti- 
cally directed  5-kHz  (X=6.8  cm)  acoustic  sounder 
would  see  precipitating  hydrometeor  echoes  Doppler- 
shifted  by  about  30  and  150  Hz,  respectively,  relative 
to  the  atmospheric  echoes.  These  Doppler  shifts, 
though  somewhat  masked  by  the  100-Hz  bandwidth 
of  the  millisecond  transmitted  pulses,  should  be  readily 
detected,  and  could  be  used  to  confirm  that  echoes  were 
being  detected  from  hydrometeors. 
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Increased  frequency  (and  therefore  velocity)  resolu- 
tion could  be  obtained  by  using  a  continuous  wave 
bistatic  system,  preferably  with  8=90°,  since  this 
would  serve  to  suppress  the  non-hydrometeoric  echoes. 
Assuming  that  the  two  beams  intersect  above  the 
midpoint  between  the  transmitter  and  the  receiver, 
only  the  vertical  component  of  velocity  will  be  mea- 
sured. Such  a  continuous  wave  system  would  have 
several  important  advantages,  including  1)  suppression 
of  unwanted  atmospheric  echoes;  2)  continuous,  rather 
than  pulse,  measurements  of  echo  spectrum;  3)  greatly 
increased  Doppler  resolution,  because  of  the  reduced 
transmitted  bandwidth;  and  4)  reduced  noise  level, 
because  of  reduced  receiver  bandwidth. 

Such  an  experimental  configuration  would,  of  course, 
require  careful  attention  to  the  side  lobe  structure  of 
the  antennas,  in  order  to  limit  the  strength  of  the 
signal  leaking  direct  from  the  transmitting  antenna 
into  the  receiving  antenna.  In  addition,  this  method 
would  not  be  applicable  to  fogs  or  clouds  in  which  the 
terminal  velocities  of  the  particles  are  too  small  to  be 
resolved  by  Doppler  techniques. 

5.  On  the  possibility  of  acoustic  echoes  from  the 
turbulent  wakes  created  by  precipitating 
hydrometeors 

A  precipitating  hydrometeor  will  produce  small-scale 
local  fluctuations  in  the  velocity,  temperature  and 
humidity  of  the  air  in  its  wake.  Since  the  phase  velocity 
of  sound  is  sensitive  to  each  of  these  parameters  (see, 
for  example,  Little,  1969),  the  localized  eddies  in  the 
wake  will  serve  as  refractive  index  fluctuations  for 
acoustic  waves.  It  is  therefore  possible  that,  in  addition 
to  the  direct  acoustic  body  echo,  echoes  will  be  ob- 
tained from  the  turbulent  wakes  of  precipitating 
hydrometeors. 

Once  terminal  velocity  is  reached,  energy  balance 
requires  that  the  loss  of  gravitational  energy  by  the 
falling  hydrometeor  be  equal  to  the  gain  of  kinetic 
energy  by  the  atmosphere.  (Other  energy  exchange 
mechanisms,  such  as  by  the  radiation  of  acoustic  waves, 
are  believed  to  be  negligible.)  In  the  absence  of  other 
sources  of  turbulence,  the  turbulent  kinetic  energy 
density  of  the  atmosphere  will  increase  with  time  until 
the  rate  of  loss  of  turbulent  kinetic  energy  by  viscous 
dissipation  is  equal  to  the  rate  of  input  of  kinetic 
energy  by  the  precipitation.  Once  this  equilibrium  is 
reached,  the  rate  of  gain  of  turbulent  kinetic  energy 
E  per  unit  mass  of  air  and  the  energy  dissipation  rate 
t  per  unit  mass  are  related  by 

dE_  _Qg 

dl  p  ' 

where  Q  is  the  precipitation  rate  in  grams  per  unit  area 
per  unit  time,  g  the  acceleration  due  to  gravity,  and  p 
the  density  of  air. 


Substituting  p=  1.2X10~3  gm  cm-3,  £=981  cm  see"2, 
Q=  2.8X  10~4  gm  cm-2  sec-1  (equivalent  to  a  rainfall 
rate  of  10  mm  hr-1),  we  have 

e=230  ergs  gm~'  sec-1. 

This  dissipation  rate  is  to  be  compared  with  a  median 
value  of  approximately  100  ergs  gm-1  sec-1  reported  for 
50  daytime  measurements  in  the  lowest  1  km  of  the 
atmosphere  by  Taylor  (in  press),  whose  results  also 
indicate  that  the  above  energy  dissipation  rate  due  to 
a  10  mm  hr-1  precipitation  rate  exceeds  all  but  about 
10%  of  his  values.  Thus,  we  see  that  the  energy  dissi- 
pation rates  are  quite  large,  and  conceivably  might  be 
associated  with  significant  acoustic  refractive  index 
fluctuations. 

In  order  that  these  refractive  index  fluctuations  be 
significant  in  the  context  of  acoustic  echo  sounding,  it 
is  necessary,  however,  that  they  have  appreciable  in- 
tensity at  the  appropriate  spatial  size.  An  acoustic  echo 
sounder  "interrogates"  the  atmosphere  at  a  specific 
spatial  size  L  =  \/2  sin(0/2),  where  X  is  the  operating 
wavelength  and  6  the  scatter  angle.  For  0>3O°  (true 
for  all  monostatic  systems  and  almost  all  bistatic 
systems)  \/2<L<2\,  and  we  see  that  L  is  of  the  order 
X.  Initially,  the  energy  input  by  the  drops  takes  place 
in  the  form  of  eddies  up  to  about  the  drop  diameter  in 
size.  Although  the  turbulent  wake  grows  in  size  with 
distance  behind  the  drop,  calculations  based  on  the 
theory  of  axisymmetric  wakes  shows  that  the  kinetic 
energy  of  the  X-size  eddies  is,  in  fact,  very  small, 
because  most  of  the  energy  is  dissipated  by  viscosity 
before  the  wake  has  time  to  grow.  Calculations,  to  be 
published  in  a  planned  NOAA  Technical  Report,  show 
that  the  intensity  of  the  5-cm  scale  velocity  fluctuations 
produced  by  a  medium  rainfall  rate  (R=  10  mm  hr-1) 
is  some  two  orders  of  magnitude  smaller  than  the 
median  values  for  the  boundary  layer  reported  by 
Taylor.  Similarly,  the  temperature  and  humidity  fluc- 
tuations produced  by  heat  conduction  or  evaporation 
from  the  drop  can  be  shown  to  be  too  small  to  be 
detected  in  the  real  atmosphere,  though  possibly  de- 
tectable in  still  air. 

One  further  possibility  should  be  considered.  The 
turbulent  kinetic  energy  introduced  into  the  atmo- 
sphere by  precipitation  will  act  upon  any  pre-existing 
sharp  gradients  in  wind,  temperature  or  humidity  in 
such  a  way  as  to  reduce  these  gradients,  and  hence  to 
modify  the  internal  structure  of  the  atmosphere  as 
seen  by  the  acoustic  echo  sounder.  It  is  therefore 
suggested  that  acoustic  echo-sounding  records  be  ex- 
amined for  such  effects. 

6.  Summary  and  conclusions 

Computations  have  been  made  of  the  expected  in- 
tensity of  acoustic  echoes  under  various  hydrometeor 
conditions.  Using  a  standard  low  power  echo-sounding 
system,  clouds  and  fogs  would  give  detectable  echoes 
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at  3(K)  m  range,  at  least  tor  the  higher  '/.  values.  Other 
hydrometeor  conditions  ranging  from  drizzle  to  heavy 
rain  or  snow  would  result  in  echoes  ranging  from  about 
2.<  to  about  58  dB  above  noise.  Signal-to-noise  estimates 
for  other  system  parameters  can  readily  be  made  using 
Eqs.  (5)- (10). 

In  any  experimental  testing  of  the  above  predictions, 
the  problem  of  differentiating  between  echoes  of  hy- 
drometeoric  and  (gaseous)  atmospheric  origin  will 
arise.  It  is  shown  that  at  least  three  different  tech- 
niques, based  respectively  on  differences  in  the  scaltcr- 
angle  dependence,  the  wavelength  dependence,  and  the 
Doppler  spectra  of  the  echoes,  may  be  used  to  identify 
the  hvdrometeoric  component. 

The  optimum  experimental  configuration  for  the 
study  of  hydrometeor  echoes  would  appear  to  be  a 
multi-wavelength,  bistatic,  continuous  wave  system 
with  a  scatter  angle  of  90°,  thereby  minimizing  the 
atmospheric  echoes.  Such  a  configuration,  with  the 
two  antenna  beams  intersecting  above  the  midpoint 
between  the  transmitter  and  the  receiver,  would  give 
the  distribution  of  vertical  fall  velocities  of  the  hy- 
drometeors,  weighted  by  D1',  where  D  is  the  diameter 
of  the  drops.  Since  for  rain  the  terminal  velocities  are 
known  as  a  function  of  drop  diameter,  the  measure- 
ment of  Doppler  spectrum  could  be  used  to  estimate 
the  distribution  of  drops  in  size.  Note  that  the  Doppler 
shift  of  the  atmospheric  echo  could  be  used  to  measure 
the  vertical  velocity  of  the  air  through  which  the  pre- 
cipitation is  falling. 

Acoustic  techniques  do  not  appear  to  have  significant 
advantages  over  existing  radar  techniques  for  the  study 
of  hydrometeors,  except  perhaps  in  range  resolution. 
The  chief  value  of  this  analysis  probably  lies  in  the 
identification  of  the  main  features  of  acoustic  echoes 
from  hydrometeors.  Acoustic  sensing  of  hydrometeors 


is  likely  to  be  limited  to  a  range  of  several  hundred 
meters,  because  of  the  enhaiu  ed  atmospheric  absorption 
which  occurs  at  the  high  frequencies  required  to  achieve 

reasonably  large  hydrometeor  scattering  ims>  sections. 
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First-Order  Theory  and  Analysis  of  MF/HF/VHF 

Scatter  from  the  Sea 

DONALD  E.  BARRICK,  member,  ieee 


Abstract — Scatter  from  the  sea  near  grazing  from  MF  through 
VHF  is  analyzed  in  this  paper.  Results  based  on  the  compensation 
theorem  show  that  the  dependence  upon  the  grazing  angles,  as 
well  as  upon  frequency,  range,  and  the  effective  surface  impedance, 
can  be  removed  for  vertical  polarization  as  the  familiar  "Norton 
attenuation  factors."  Time  variation  of  the  surface  is  included, 
and  results  are  derived  for  both  the  average  received  power  and 
its  spectral  density.  The  first-order  dispersion  relationship  for 
gravity  waves  is  used  to  show  that  the  received  spectrum  from  a 
patch  of  sea  consists  of  two  discrete  Doppler  shifts  above  and 
below  the  carrier,  predictable  from  simple  Bragg  diffraction  con- 
siderations. Using  the  Phillips  wind-wave  model  as  an  upper 
limit  for  wave  heights,  estimates  for  a"  (radar  cross  section  per 
unit  area)  of  —  17  dB  are  obtained  near  grazing.  Both  the  magnitude 
of  cr,.,.°  predicted  from  theory  and  the  nature  of  the  received  spectrum 
are  compared  with  measurements,  and  the  agreement  supports  the 
theory  on  both  counts.  Finally,  the  use  of  MF/HF  radars  for 
measuring  sea  state  is  suggested  and  discussed. 


I.  Introduction 

SEA  ECHO  at  frequencies  below  VHF  has  been  ob- 
served by  radars  since  World  War  II.  Crombie  [1] 
in  19.55  appears  to  have  been  the  first  to  correctly  deduce 
the  physical  mechanism  producing  sea  scatter.  Based  upon 
HF  experimental  observations  of  the  backscatter  Doppler 
spectrum,  he  noted  that  the  discrete  frequency  shifts  of 
the  sea  echo  above  and  below  the  carrier  corresponded 
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uniquely  with  the  shifts  that  would  be  produced  by  ocean 
waves  moving  toward  and  away  from  the  radar  having 
lengths  precisely  one  half  the  radio  wavelength.  Hence  the 
mechanism  was  seen  to  be  "Bragg  scatter,"  the  same 
phenomenon  responsible  for  scatter  of  X-rays  in  crystals 
and  light  rays  from  diffraction  gratings  and  holograms. 

Quantitative  theoretical  analyses  of  the  scatter  problem 
lagged  these  experimental  deductions  by  several  years. 
Peake  [2]  appears  to  have  been  the  first  to  reduce  the 
classic  boundary  perturbation  theory  of  Rice  [3]  to  <t°, 
the  normalized  scattering  cross  section  per  unit  area  for 
a  slightly  rough  surface.  Barrick  and  Peake  [4]  noted 
that  this  result,  when  interpreted,  shows  that  scatter  is 
produced  via  the  Bragg  mechanism,  in  agreement  with 
Crombie's  deductions.  No  attempt  was  made  at  that  time 
to  apply  the  theory  to  the  sea,  which  was  a  unique  wave 
height  spectrum1  and  spatial-temporal  wavenumber  dis- 
persion relationship.  Thus  in  this  paper  we  include  the 


1  Guinard  and  Daley  |5)  have  employed  the  "slightly  rough" 
model  derived  from  perturbation  analysis,  along  with  a  Phillips 
wave  height  spectrum,  to  explain  the  diffuse  component  in  micro- 
wave scatter  from  the  sea.  Since  the  ocean  surface  is  "composite" 
at  those  frequencies  and  thus  more  difficult  to  analyze,  a  rigorous 
mathematical  justification  of  this  result  is  not  possible.  Their 
empirical  comparisons,  however,  leave  little  doubt  that  this  simple 
model  is  reasonably  valid  even  at  microwave  frequencies,  so  long 
as  one  is  not  too  close  to  the  specular  direction  or  to  grazing.  Those 
results  along  with  the  spectral  measurements  of  Wright  (6]  and 
Bass  et  al.  [7],  show  that  the  Bragg  effect  also  produces  scatter 
above  VHF;  this  paper  concentrates  on  analysis  and  comparisons 
below  VHF,  where  more  rigorous  mathematical  justification  and 
interpretation  is  possible. 
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temporal  motion  of  the  sea  surface  and  derive  a  result  for 
the  average  received  signal  spectrum,  as  well  as  a°.  Further- 
more, we  analyze  in  detail  the  region  near-grazing  incidence 
for  vertical  polarization  and  show  how  the  behavior  of 
backscatter  varies  u  ith  grazing  angle  for  frequencies  below 
100  MHz.  Using  the  Phillips  ocean  wave  height  spectrum 
in  the  model,  the  predicted  results  are  compared  with  HF 
measurements,  both  with  regard  to  the  signal  spectrum 
and  a".  Limitations  of  the  first-order  theory  are  pointed 
out.  Finally,  the  exciting  possibility  of  using  MF/HF 
radars  to  measure  sea  state  is  discussed  in  light  of  the 
theory. 

Many  previous  theoretical  analyses  of  rough  surface 
scatter  were  based  upon  the  Kirchhoff  (or  physical  optics) 
integral  approach  (see  Beckmann  and  Spizzichino  [8],  or 
Ruck  el  al.  [9]>.  While  the  physical  optics  approach  leads 
to  Bragg  scatter  also  (e.g.,  Parkins  [10]  derives  the  re- 
ceived spectrum  of  acoustic  signals  scattered  from  the 
sea  surface  with  this  approach),  polarization  dependence 
and  near-grazing  behavior  is  lost  with  that  technique. 
Measurements,  however,  show  that  <rrt°  for  near-grazing 
backscatter  is  considerably  greater  than  <ru°,  which  is  in 
agreement  with  results  derived  from  the  perturbation 
theory.  In  addition,  the  radius  of  curvature  of  the  surface 
need  not  be  much  greater  than  wavelength  in  the  pertur- 
bation theory,  as  it  must  with  physical  optics. 

The  Rice  boundary  perturbation  approach  employs  the 
following  restrictions:  1)  the  height  of  the  surface  must 
be  small  in  terms  of  radio  wavelength,  2)  surface  slopes 
must  be  small,  and  3)  the  impedance  of  the  surface  medium 
must  be  small  in  terms  of  the  free-space  wave  impedance. 
These  conditions  are  all  satisfied  by  the  sea  below  mid- 
VHF;  the  upper  limit  on  frequency  in  terms  of  sea  state 
will  be  examined  in  Section  VI. 

II.  Reradiation  to  a  Point  Above  an 
Imperfect  Surface 

In  this  section  we  analyze  the  problem  of  scatter  from 
the  imperfectly  conducting  rough  sea  in  a  manner  differ- 
ent from  conventional  treatments  [2],  [4].  We  are  not 
concerned  in  this  section  with  the  interaction  and  scatter 
mechanism;  that  will  be  treated  in  the  next  section.  Rather, 
we  consider  separately  an  elemental  patch  of  sea  dS'  as 
shown  in  Fig.  1.  Energy  is  incident  upon  this  patch  from 
an  arbitrary  angle  and  is  reradiated  (or  scattered)  from 
the  patch  due  to  the  roughness.  The  size  of  the  patch  is  to 
be  small  with  respect  to  the  distance  R0  to  the  scattering 
point,  but  large  with  respect  to  X  the  radio  wavelength. 
Thus  if  the  patch  were  reradiating  in  the  absence  of  the 
surrounding  imperfect  surface,  the  field  at  the  observation 
point  would  diverge  as  l/R0.  The  same  would  be  true  if 
the  surrounding  surface  were  a  perfectly  conducting 
smooth  plane,  with  an  additional  factor  of  2  to  account 
for  the  image. 

In  including  the  effects  of  imperfect  conductivity  and 
roughness  of  the  sea  surrounding  dS',  we  assume  1)  that 
the  mean  surface  near  dS'  is  planar,  and  2)  that  an  effec- 
tive impedance  A  can  be  assigned  to  the  surface  to  account 


Fig.  l. 


Geometry   for   reradiation   (scatter)   from  patch  </.S'   used 
with  compensation  theorem. 


for  both  its  finite  conductivity  and  roughness.  The  con- 
cept of  normalized  surface  impedance  was  popularized  by 
Wait  [11];  this  quantity  is  normalized  with  respect  to 
the  wave  impedance  of  free  space  (moAo)"2  and  is  a  func- 
tion of  the  reradiation  angle  6„  as  well  as  the  surface 
parameters.  We  intend  to  employ  the  "compensation 
theorem"  attributed  to  Monteath  [12]  and  applied  by 
King  [13]  to  the  problem  of  radiation  from  a  dipole  above 
an  imperfect  half  space.  In  fact,  the  analysis  here  parallels 
that  of  King;  the  scattering  behavior  of  the  reradiating 
patch  can  in  reality  be  modeled  by  a  collection  dipoles. 

We  are  interested  here  only  in  the  vertically  polarized 
scattered  far-field  component;  this  can  be  easiest  obtained 
by  employing  Hv  the  azimuthal  magnetic  field.  King 
shows  in  [13,  eqs.  (6)  and  (7)]  that  an  integral  equation 
in  Hv  can  be  obtained  from  the  compensation  theorem 
as  follows: 


H„ 


H'  + 


f  -„   ,  /exp  (ik0R2)\   . 
J  A///'  (  J  sin  5  cos  7  dS 


(1) 


where  the  indicated  angles  are  shown  in  Fig.  1.  Here  Hv' 
is  called  the  "unperturbed"  H  field  at  the  observation 
point,  and  H/  is  the  "perturbed"  H  field.  The  integra- 
tion takes  place  at  dS,  a  distance  Ri  from  the  reradiating 
point;  at  this  point,  the  effective  surface  impedance  is 
described  by  A.  The  time  dependence  exp  ( —  iwt)  is 
assumed  here. 

The  perturbed  field  here  denotes  the  unknown  quantity 
we  are  seeking,  whose  nature  depends  upon  the  surface 
over  which  it  propagates.  The  unperturbed  solution  //„' 
is  presumed  known  and  can  be  selected  so  as  to  simplify 
solution  of  the  integral  equation  in  ///'.  Following  King, 
we  select  for  H/  the  far-zone  field  reradiated  from  the 
surface  patch  dS'  when  the  remainder  of  the  surface  is 
smooth  and  perfectly  conducting  (i.e.,  A  =  0) ;  for  now  we 
write  it  as 


ihU  exp  (ikpRp) 


(2) 
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where  (!f  is  a  quantity  to  be  determined  in  the  next  sec- 
tion. The  preceding  equation  places  in  evidence  the  l/Ro 
dependence  of  the  field  above  the  perfectly  conducting 
smooth  plane. 

Following  King  [13],  we  define  the  perturbed  field  as 
equal  to  the  unperturbed  field  times  an  unknown  slowly 
varying  attenuation  function,  i.e., 

H/  =  H/F(d,z,A). 

Then  (1)  can  be  rewritten  as  an  integral  equation  in  F, 
obtaining 


F(d,z,A)  =  1  + 


ikoRoexp  (—ikoRo) 


2irG„(0) 


•/  &?,(**)  ( 


exp[zM#i  +  &)T 


R\Ri 
•F(Ru0,&)  -sin  a  cos  7  dS 


(3) 


where  G>(0)  is  Gr  evaluated  at  the  observation  point 
(8.,<P.),  while  Gf(ip\)  is  (?„  evaluated  at  the  integration 
point  (ir/2,ip,  +  pi). 

We  now  note  for  highly  conducting  surface  where 
|  A  |  <K  1,  that  F  is  close  to  unity  and  the  preceding  inte- 
gral is  nearly  zero.  It  is  only  when  the  observation  point 
is  near  the  surface  (i.e.,  7r/2  —  6,  ~  z/d  «  1)  that  the 
incident  and  reflected  waves  cancel,  and  only  the  surface 
wave  remains.  Therefore,  the  integral  term  in  (3)  is  im- 
portant for  6,  very  near  7r/2,  typically  within  1°  of  grazing 
for  seawater  at  HF.  In  this  region  near  the  Brewster  angle 
A  and  Gr(<pi)  appearing  in  the  integrand  are  nearly  con- 
stant over  the  important  region  near  the  baseline  where 
(Pi  ~  0  and  6.  c^  jt/2.  By  the  same  reasoning,  sin  5  ^  1 , 
and  cos  y  ~  1,  so  that  the  integral  equation  simplifies  to 

F(d,z,A)  =*  1  +  L¥g°e*P(-.JW  5 
2tt 

.fF{RM  (^^L±^)dS.     (4) 

The  solution  to  (4)  is  straightforward  and  is  performed 
by  King  [13],  [14];  the  details  will  not  be  repeated  here. 
He  employs  an  elliptic  coordinate  system  as  a  basis  for  the 
surface  integral;  he  performs  a  stationary  phase  integra- 
tion in  the  <pi  direction,  and  the  result  reduces  to  an 
inhomogeneous  Volterra  integral  equation  of  the  second 
kind.  This  is  then  solved  by  Laplace  transform  techniques, 
and  F(d,z,A)  is  shown  to  be  identically  the  "Norton 
attenuation  factor"  of  ground  wave  theory.  The  only 
approximation  (other  than  the  far-zone  assumption)  on 
which  solution  of  (1)  is  based  is  that  [13]  |  AP  |  «  1, 
where  A,  is  the  real  part  of  A. 

Thus  in  this  section  we  have  shown  that  a  patch  of  sea 
reradiating  (or  scattering)  vertically  polarized  electro- 
magnetic energy  over  an  imperfect  surface  does  so  in  a 
manner  identical  to  a  vertical  dipole  located  on  the  same 
plane.  Within  the  restrictions  of  the  analysis,  therefore, 


one  merely  solves  the  problem  of  scatter  of  vertically 
polarized  waves  by  a  perfectly  conducting  sea  and  multi- 
plies by  F,  the  Norton  attenuation  factor,  to  account  for 
propagation  near  grazing  from  the  patch  dS'  to  the  obser- 
vation point.  A  similar  factor  must  be  used  to  account 
for  propagation  from  the  transmitter  to  the  scattering 
patch  if  this  path  is  near  grazing  also. 

III.  Scatter  from  a  Moving  Slightly  Rough  Surface 

In  the  preceding  section  it  was  shown  possible  to  express 
the  scattered  field  from  a  patch  of  sea  in  terms  of  the 
Norton  attenuation  factor  F  times  the  unperturbed  scat- 
tered field.  This  unperturbed  field  is  to  be  determined  in 
this  section.  It  is  the  field  scattered  from  the  patch  with 
the  sea  treated  as  a  perfect  conducting  surface;  the  effect 
of  finite  conductivity  is  already  accounted  for  in  F.  Below 
VHF  the  sea  is  "slightly  rough,"  satisfying  the  restrictions 
mentioned  in  the  Introduction  for  applicability  of  the 
boundary  perturbation  approach. 

The  first-order  solution  for  scatter  from  a  stationary 
random  perfectly  conducting  surface  using  this  approach 
is  well-known  [2],  [4],  [9].  We  intend  to  extend  this 
analysis  to  the  case  of  a  moving  perfectly  conducting  sur- 
face, so  that  the  temporal  spectrum  of  the  scattered  signal 
can  be  obtained.  We  concentrate  on  only  the  vertical 
polarization  states,  since  near-grazing  propagation  over 
the  highly  conducting  sea  at  these  frequencies  is  much 
larger  for  vertical  than  for  horizontal.  However,  we  will 
provide  answers  for  the  other  linear  polarization  combina- 
tions also. 

The  inclusion  of  time  as  an  independent  variable  in  the 
description  of  the  random  surface  height  f  is  readily 
accomplished  by  a  Fourier  series  expansion  over  time  as 
well  as  space : 


Ux,y,t)  =     L 


P(m,n,l)  exp  {ia(mx  +  ny)  —  itvlt] 


(5) 


where  a  =  2ir/L  and  w  =  2t/T;  L  and  T  being  defined 
as  the  spatial  (both  x  and  y)  and  temporal  period  of  the 
surface.  P(m,n,l)  is  the  coefficient  of  the  m,n,lth  Fourier 
component,  with  P  being  zero  for  m  =  n  =  0  (i.e.,  the 
coordinate  system  is  chosen  so  that  the  x-y  plane  is  the 
mean  surface).  The  minus  sign  before  the  time  argument 
places  in  evidence  the  expected  traveling  nature  of  ocean 
waves,  i.e.,  a  wave  with  +am  and  +wl  wavenumbers  in 
the  +x  direction. 

Following  Rice  [3]  we  define  an  average  spatial-tem- 
poral spectrum  W(p,q,u)  of  the  surface  height  in  terms  of 
the  Fourier  coefficients  as 

W(p,q,o>)  =  -fff  (£(xi,yi,ti)ttzt,V*,t*)) 


•exp  (iprx  +  iqry  —  iur)  drz  drv  dr 
—  (P(m,n,l)P(-m,-n,-l) ) 


(6) 
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where  (P(mi,ni,l\)P(>ni,ntM)  is  zero  when  m2  t*  — IBi, 
/,.,  ^  —  /(,,  and  h  ?*  —h  because  the  Fourier  coefficients 
are  uncorrected.  Also,  p  =  am,  q  —  an,  w  =  wl,  t,  = 
/2  —  Tu  Ty  =  y*  —  yi>  a"d  t  =  (■>  —  h  in  (6).  The  angular 
braces  (•)  denote  a  statistical  ensemble  average.  Also, 
(P|  m. n, I))  =  0,  for  all  m,n,l. 

The  total  fields  above  the  surface  (see  Fig.  1  inset  for 
scatter  geometry)  are  represented  by  plane-wave  (eigen- 
function)  expansions  of  the  same  form  as  (5) 


E.  =  b (f--  ZE(v,0,0;z)  -  E(- 


',0,0  ;z)] 


+ 


e 

n.l— a 


AmnlE(m  +  v,n,l;z)     (7a) 


Ey  =       E      Bmn,E(m  +  v,n,l;z) 


E,  =  -  \_E{v,Q,Q;z)  +  E(-v,0,0;z)^ 

A0 


(7b) 


+      E      CmnlE(m  +  v,n,lyt)      (7c) 

m.n.l—  so 


where 

E{m  +  v 

and 


n,l,z)  =  2Et,  exp  \ia(m  +  0*  +  Ja«y 

_L  .7./_,    1 i_    _  ••/ 


+  ib(m  +  v,n)z  —  i(wl  +  wo)M 


6(ro  +  v,n)  =  [k,2  -  a2(m  +  i/)2  -  a2/i2]"2. 

Here  v  =  fc0  sin  0,/a,  and  the  two  terms  in  square  brackets 
in  (7a)  and  (7c)  are  the  incident  and  reflected  plane 
waves  from  the  perfectly  conducting  surface  in  the  absence 
of  roughness.  The  incident  electric  field  strength  Eu  is 
normalized  such  that  the  total  vertical  component  at  the 
surface  for  incident  propagation  near  grazing  is  2E0. 

The  solution  for  the  unknown  scattered  field  coefficients 
Amni,  etc.,  is  straightforward.  In  fact,  these  coefficients  are 
identical  to  the  first-order  coefficients  Amn,  etc.,  derived 
by  Rice  in  [3,  eq.  (4.2)]  with  three  notation  differences: 
1)  his  m  —  v  is  our  m;  2)  his  i  is  our  —  i  because  of  a 
difference  in  sign  in  our  time  conventions;  3)  our  Am„i,  etc., 
are  directly  proportional  to  P(m,n,l),  whereas  his  are 
proportional  to  P(m,n);  the  factors  of  proportionality 
however,  are  the  same. 

It  is  now  necessary  to  relate  the  modal  fields  scattered 
by  an  infinite  periodic  random  surface  to  the  field  scattered 
by  a  finite  patch  of  area  dS'  of  such  a  surface.  This  is 
again  straightforward  and  can  follow  the  geometrical  argu- 
ments of  Peake  [2]  and  Barrick  and  Peake  [15]  or  a 
Kirchhoff-type  transformation  of  Barrick  [16];  the  reader 
is  referred  to  these  treatments.  Basically,  the  result  shows 
that  the  field  strength  falls  off  as  \/R<,,  as  it  should,  and 
relates  the  modal  field  wavenumbers  a(m  —  v),  an,  and 
b(m  +  v,n)  to  the  scattered  field  direction  cosines 
sin  8,  cos  <p„  sin  8,  sin  ip„  and  cos  6,. 


The  average  scattered  power  correlation  function  ;it  two 
different  times  is  then  computed,  i.e., 

(E,-(Ra,h)E,'*(RaM)  =  «'(r) 

where  t  =  t2  —  t\.  The  Fourier  transform  of  this  ||ien 
gives  the  average  scattered  signal  spectrum  in  terms  of 
W(p,q,w)  as  defined  in  (6).  Details  can  be  found  in 
Barrick  [16]. 

IV.  Average  Scatter  Cross  Sections  and 
the  Radar  Range  Equation 

The  average  scattered  signal  power  density  spectrum 
can  now  be  converted  to  c„(u)  the  average  scatter  cross 
section  per  unit  area  per  rad/s  bandwidth;  its  integral  is 
the  familiar  v„°,  i.e.,  a"  =  1/2  fZ*<r(u)  ilw,  which  is 

4irA;o(sin  8,  sin  8.  —  cos  tp,)2 

JF[A:o(sin  6.  cos  <p,  —  sin  8, ) , 

k0  sin  8,  sin  (p..     w  —  u0]  |       (8a) 
i 

\ 
lF[A:0(sin  8,  cos  y,  —  sin  8,), 

ku  sin  8,  sin  ^,]  J       (8b) 

where  the  spatial  spectrum  W[p,^]  is  obtained  from 
W[p,g,oj]  by  integration  over  u  and  division  by  2.  Both 
spectra  have  the  wavenumbers  p,q,  replaced  by 
&o(sin  8,  cos  <p,  —  sin  8,),k0  sin  8,  sin  <p,.  The  latter  are  pre- 
cisely the  wavenumbers  required  of  a  diffraction  grating 
which  is  to  scatter  a  wave  incident  from  8,  into  a  direction 
8„<p,.  Hence  the  theory  shows  that  the  ocean  surface  pro- 
duces scatter  by  the  simple  Bragg  mechanism,  which  con- 
firms the  experimental  deductions  of  Crombie  [1]. 

Although  they  are  not  of  interest  in  this  paper,  the  other 
three  cross  section  spectra  for  a  perfectly  conducting  sur- 
face o-,y,(w),(r/i„(w),  and  <ru(<<>)  are  obtained  by  replacing 
the  factor  (sin  8,  sin  8,  —  cos  <p,)2  in  (8a)  by  (cos  8,  sin  <?,)2, 
(cos  8,  sin  <p,y,  and  (cos  0,  cos  8,  cos  <p,Y,  respectively.  The 
same  substitution  is  made  in  (8b)  also.  Thus  the  depend- 
ence upon  the  nature  of  the  roughness  is  the  same  for 
any  polarization  state;  it  is  contained  in  the  surface  height 
spatial-temporal  spectrum. 

The  average  power  energy  density  and  power  received 
in  a  bistatic  radar  system,  dPR{t>i)  and  dPR,  from  a  patch 
of  sea  dS'  located  at  distances  Rt  and  Rr  from  the  trans- 
mitter and  receiver  can  now  be  written 


dPR(w)\ 
dPK\ 


PrGr°GV>\2 

(4T)'ftr2flR2 


FSFJdS' 


.(«) 


W/rad/s     (9a) 


X 


w 


(9b) 


where  Pt  is  the  average  transmitted  power  and  GV  and 
Gr"  are  the  transmitting  and  receiving  antenna  gains 
(defined  with  respect  to  free  space)  in  the  direction  of  the 
patch.  The  quantities  FT2  and  Fr1  are  the  Norton  attenu- 
ation factors.  The  use  of  Fr2  was  justified  in  Section  II  to 
account  for  the  imperfect  nature  of  the  surface  medium 
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ill  the  analysis  of  propagation  from  the  patcli  dS'.  It  of 
course  lias  significance  here  only  for  scattered  vertical 
polarization,  and  is  a  function  of  range  Rr  to  the  receiver. 
A  similar  and  even  more  obvious  use  of  the  compensation 
theorem  shows  that  FT°  accounts  for  propagation  of  a 
vertically  polarized  field  from  the  transmitter  to  the  patch. 

The  Norton  attenuation  factor  (e.g.,  Fr)  appearing  in 
the  preceding  equation  is  a  function  of  the  effective  sur- 
face impedance  A,  of  range  Rr,  and  finally  of  the  height 
of  the  receiver  above  the  surface.  Hence  it  contains  the 
"dependence  upon  grazing  angle"  produced  by  the  finite 
conductivity  of  the  surface  medium.  It  is  normalized,  and 
approaches  unity  as  RR  — >  0  and  for  sufficiently  small  A. 
In  this  limit,  one  has  in  (9)  the  conventional  radar  range 
equation  above  a  perfectly  conducting  flat  plane.  While 
Fr  was  denned  for  a  "flat"  surface,  the  definition  can  be 
extended  to  a  "spherical"  surface,  in  which  case  Fr  is 
found,  for  example,  from  a  residue  series  [11]  when  the 
observation  point  is  distant  and  below  the  horizon. 

One  must  be  cautious  in  the  definition  of  <r°.  Had  one 
defined  <r°  in  terms  of  2Ea  the  total  near-grazing  field, 
rather  than  the  incident  field,  the  factor  of  4  appearing  in 
(8)  would  be  missing;  this  alternate  definition  [8]  might 
be  considered  more  appropriate  for  ground-wave  propaga- 
tion. On  the  other  hand,  others  include  factors  of  4  in  the 
antenna  gains  by  measuring  their  efficiencies  in  the  pres- 
ence of  the  highly  conducting  ground  rather  than  in  terms 
of  their  equivalent  gains  in  free  space.  The  reasoning 
behind  the  definition  appearing  in  (8)  and  (9)  is  that 
propagation  effects  (i.e.,  the  factors  of  4,  as  well  as  Fr 
and  Ft)  due  to  the  medium  are  clearly  separated  from  the 
parameters  describing  the  transmitter  (Gr°),  the  scatterer 
(o-0),  and  the  receiver  (Gr°).  Because  of  widespread  differ- 
ences, however,  reported  values  of  ct°  can  vary  by  as  much 
as  16  merely  due  to  the  definition  employed. 

V.  First-Ordeu  Ocean  Waves  and  the  Phillips  Model 

It  has  been  shown  that  Bragg  scatter  from  the  larger 
gravity  waves  (longer  than  1  m)  produces  the  return  at 
HF.  Such  gravity  waves  have  a  unique  first-order  disper- 
sion relationship.  The  latter  makes  it  possible  to  relate  the 
spatial-temporal  height  spectrum  W(p,q,u)  to  the  simpler 
spatial  spectrum  W(p,q).  Stated  simply,  deep-water  grav- 
ity waves  of  length  L  travel  at  a  given  phase  velocity 
vw  =  (gL/2ir)112,  where  g  tt  9.81  m/s2  is  the  acceleration 
of  gravity.  This  first-order  velocity  expression  provides  the 
dispersion  relationship  between  the  temporal  and  spatial 
wavenumbers  of  gravity  waves: 

M,  =  +[f/(p2  +  92)"2]"2  =  +[ff(a2m2  +  a2*2)1'2]"2.     (10) 

Thus  the  more  general  (5)  for  the  height  of  a  moving 
random  surface  reduces  to  the  following  in  the  case  of 
ocean  waves  moving  into  the  +x  half  space: 

Ux,y,t)  =     £     P+(m,n) 

•exp  [iamx  +  iany  —  t  sgn  (m)wtlt~}     (11) 


where  sgn  (m)  is  ±1,  for  m±.  A  similar  expression  holds 
for  ocean  waves  moving  into  the  —x  half  space,  with  P+ 
replaced  by  P-  and  a  plus  sign  in  front  of  the  last  term  of 
the  exponential.  Thus  two  sets  of  coefficients  P+  and  P- 
are  called  for,  depending  upon  the  strengths  of  the  vari- 
ous Fourier  components  moving  in  the  +  x/  —  x  directions. 
Using  (6)  we  can  determine  W(p,q,w)  from  (11)  by 
multiplying  f(xi,yi,/i)  by  f  (xt,y2,k)i  averaging,  and  taking 
the  Fourier  transform.  We  then  obtain 

W(p,q,u)  =  2W+(p,q)8(u,  +  sgn  (?)«„) 

4-  2W-(p,q)6(a  -  sgn  (p)<o0)      (12) 

where  W±(p,q)  =  (|  P±(m,n)  |2)L2/tt2  and  8(x)  is  the 
impulse  function  of  argument  x. 

Equation  (12)  simply  means  that  for  a  given  set  of 
spatial  wavenumbers  p,q,  only  one  temporal  wavenumber 
u)„  is  possible,  as  given  by  (10).  When  (12)  is  substituted 
into  (8a),  we  see  that  the  signal  scattered  from  an  infin- 
itesimal patch  of  ocean  dS'  occurs  at  two  unique  Doppler 
shifts  from  the  carrier,  as  represented  by  the  impulse 
functions.  The  shifts  are  determined  from  substituting  the 
arguments  appearing  in  place  of  p,q  in  (8a)  into  (10)  to 
obtain 

«>»  =  +  (<7fco)1,2[sin2  0.-2  sin  0.  sin  0,  cos  <?,  +  sin2  0V]"4. 

(13) 

This  Doppler  shift  corresponds  to  a  velocity  for  those 
ocean  waves  having  the  proper  length  for  Bragg  scatter. 
The  shift  is  zero  for  forward  scatter  where  6S  =  0,  and 
ips  —  0.  It  is  largest  for  backscatter  at  grazing,  where  0.  = 
0,  =  jt/2,  <p.  =  it;  here  co„  =  +  {2k0g)Ui.  and  the  length 
of  the  ocean  waves  responsible  for  scatter  is  the  shortest, 
i.e.,  L  =  X/2. 

In  order  to  obtain  a  rough  feeling  for  the  magnitude  of 
ocean  wave  scatter,  we  employ  a  semiempirical  model  for 
W(p,q)  proposed  by  Phillips  [17]  and  Munk  and  Nieren- 
berg  [18].  This  model  relates  the  roughness  height  to  the 
wind  blowing  across  the  water.  The  model  neglects  swell, 
that  is,  waves  due  to  storms  in  other  areas  which  propagate 
to  the  region  of  interest.  In  addition,  the  model  assumes 
that  the  winds  have  been  blowing  for  a  sufficient  time  that 
the  ocean  waves  are  fully  developed.  This  time  period  may 
exceed  20  h  for  the  longer  ocean  waves.  Based  on  neglect 
of  possible  swell,  the  model  has  the  form 


W(p,q)  = 


2  X  10~2 

*(P2  +  92)2 


(14) 


where  the  spectrum  is  assumed  to  be  identically  zero  when 
(P2  +  92)1'2  <  9/U2  (U  =  wind  velocity  in  m/s)  and  also 
in  the  half  space  of  the  p-q  plane  from  which  the  wind  is 
blowing.  The  dimensionless  constant  2  X  10-2  has  been 
estimated  as  high  as  4  X  10-2  by  some  [17].  The  preceding 
spectrum  is  semiisotropic  rather  than  highly  directional; 
wave  slope  measurements  by  Cox  and  Munk  [19]  lead 
them  to  believe  that  a  highly  directional  spectrum  is 
difficult  to  justify  [18]. 
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Fig.  2.  Solid  curve  give*  frequency  necessary  to  observe  lower 
end  (cutoff)  of  gravity  wave  spectrum  versus  frequency  for 
near-grazing  backseat ter.  Dashed  curve  gives  frequency  limit 
where  slightly  rough  surface  model  fails  for  given  wind  speed. 


We  now  introduce  the  Phillips  spectrum  into  (8),  but 
restrict  our  attention  to  the  case  where  both  the  trans- 
mitter and  receiver  are  near  the  surface,  i.e.,  8,,  8,  — >  jt/2. 
We  then  obtain 


r(u)    =   4 


X  10-*   f+6  L>  -  u,  +  (-V'o  sin  (~  H    J 
.6  f  w  —  «0  -  (  2<7^0  sin  (  7?'j)     J 


+  /-& 


0.02  =  -  17  dB 


(15) 

(16) 


where  /+  and  /_  represent  the  fraction  of  spectral  energy 
in  the  forward-moving  (  +  x)  and  backward-moving 
(—  j-)  ocean  waves,  with  /++/_=  1. 

Section  VII  compares  the  preceding  prediction  for  o-„° 
of  —17  dB  with  measurements.  It  should  be  noted  that 
the  Phillips  model  predicts  no  dependence  of  <rc»°  on  fre- 
quency, assuming  that  the  sea  is  fully  developed  with 
C-  >  (j  (p2  +  <j2)"2;  for  wind  speeds  below  this  limit  a,,0 
is  predicted  to  be  zero.  Obviously  this  abrupt  cutoff  is  not 
physically  realized  in  nature  due  to  swell  and  incomplete 
wind  development.  We  plot  in  Fig.  2  the  idealized  lower 
wind  cutoff  of  near-grazing  backscatter  with  frequency, 
nonetheless,  to  obtain  a  feel  for  the  frequencies  necessary 
to  observe  the  lower  end  of  the  gravity  wave  spectrum. 
Also  shown  is  the  frequency  at  which  the  height  require- 
ment  for  the  slightly  rough  surface  analysis  fails   (i.e., 


where  A-02(f2;  =  0.2)  versus  wind  speed;  for  the  Phillips 
spectrum,  (f2)  =  (10_2/4)  X  l'\  ;/-.  The  -lope  require- 
ment is  always  satisfied,  even  when  the  sea  is  fully  devel- 
oped, or  saturated;  higher  winds  cause  breaking  and  dis- 
sipation of  wave  energy  at  a  saturated  wavenumber,  hence 
maintaining  the  Phillips  value  as  :m  upper  limit. 

VI.  Near-Grazing  Behavior 

Equation  (9b)  for  the  received  power  (the  radar  range 
equation)  exhibits  a  dependence  with  grazing  angle  as 
contained  explicitly  in  the  factors  Ft2Fr2<t,,".  The  factor 
<rtl,°  alone,  however,  is  nearly  a  constant  near  grazing 
(8,,d,  m  a-  2),  as  can  be  seen  from  (Sb)  and  (16).  Hence 
any  decrease  near  grazing  due  to  the  imperfect  nature  of 
the  surface  is  contained  in  the  Norton  attenuation  factors 
FT\FR\ 

One  might  have  alternately  defined  the  scatter  cross 
section  per  unit  area  directly  from  the  radar  range  equa- 
tion as  a,,"'  =  Ft2Fr2<t„°  (give  or  take  a  factor  of  10, 
depending  upon  how  the  antenna  gains  are  normalized). 
This  o-,,0',  which  might  be  a  more  logical  definition  for  an 
experimentalist  reducing  his  data,  will  obviously  depend 
upon  the  surface  impedance  and  grazing  angle.  However, 
this  dependence  will  not  be  simple;  furthermore,  <rr,*' 
will  also  depend  upon  the  ranges  Rt  and  Rr  to  the  scat- 
tering patch. 

In  order  to  study  the  dependence  of  atta'  upon  grazing 
angle  for  the  sea,  we  specialize  to  backscatter,  where  <p,  =  ir 
and  FR  =  FT.  Then  a„0'  =  FfiVri°.  We  consider  also  a 
spherical  earth;  therefore,  Fr  does  not  have  a  simple 
closed  form,  especially  for  short  ranges  and  near  the 
penumbra.  To  evaluate  Fr,  we  employ  a  computer  pro- 
gram developed  at  ITS  [20].  The  value  A  employed  to 
describe  the  imperfect  nature  of  the  sea  surface  contains 
both  A,  the  wave  impedance  of  ocean  water  (t  =  81f0, 
a  =  4  mho/m),  as  well  as  the  increase  due  to  roughness 
(see  Barrick  [21]  for  a  treatment  of  the  latter  effect). 

Fig.  3  shows  the  predicted  dependence  of  o-.,0'  on  graz- 
ing angle  over  the  sea  at  10  and  100  MHz  using  the 
Phillips  spectrum  (14)  in  (Sb).  The  cutoff  criterion  for 
this  model  implies  that  a"  should  follow  these  curves  up 
to  a  grazing  angle  a  given  by  cos~'[X<7  '4x('2];  the  back- 
scatter  should  drop  to  zero  for  directions  closer  to  normal 
than  this  "cutoff"  angle.  The  angular  region  near  grazing 
is  shown  enhanced  by  a  logarithmic  abscissa  scale;  in  addi- 
tion, we  display  the  predicted  dependence  beyond  the  hori- 
zon, i.e.,  when  cIS'  is  in  the  earth's  shadow  of  the  radar. 
Also  shown  are  ctu°  the  horizontal  cross  section. 

The  figures  show  that  near  grazing,  sea  scatter  for  ver- 
tical polarization  is  strongly  dependent  upon  frequency. 
At  MF  and  HF  it  is  possible  to  obtain  sea  clutter  echo 
from  below  the  horizon  for  moderate  ranges.  At  VHF, 
however,  the  Norton  attenuation  factor  decreases  so 
rapidly  near  grazing  that  one  could  expect  below-the- 
horizon  clutter  only  from  very  short  ranges  (less  than 
10  km). 
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Fig.  3.  Dependence  of  received  backscatter  power  on  grazing 
angle  (including  Norton  attenuation  factors  in  <r„0')  for  Phillips 
wind-wave  spectrum. 
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Measured  ocean  backscatter  signal  spectrum  at  2.9  MHz 
(after  Crombie,  et  al.  (21]). 


VII.  Comparison  with  Measurements 

While  many  persons  have  observed  near-grazing  sea 
clutter  at  HF  and  VHF,  few  have  taken  the  effort  to 
calibrate  their  radar  parameters  so  as  to  permit  deter- 
mination of  a".  One  recent  experiment  at  10.087  MHz  was 
performed  by  Headrick  of  the  Naval  Research  Laboratory 
(NRL)  [22],  in  which  he  obtained  estimates  of  <rot°.  In 
this  experiment,  two  vertical  monopoles  were  located 
near  Annapolis,  Md.,  on  the  upper  Chesapeake  Bay  in  a 
monostatic  radar  configuration.  Spectral  processing  per- 
mitted separation  of  water-wave  scatter  from  stationary 
ground  clutter  echoes.  A  coded  signal  format  permitted 
a  20-nmi  range  resolution  cell.  The  Norton  attenuation 
factor  Fa  was  calculated  for  four  different  range  cells  on 
the  bay  using  the  pertinent  water  conductivity  (i.e., 
j^  2  mho/m). 

Data  were  recorded  and  processed  on  February  4,  1969, 
a  day  on  which  a  moderate  wind  was  blowing  from  the 
north.  Waves  receding  from  the  radar  were  observed  to 
be  stronger  due  to  the  wind,  and  water  waves  of  the 
Bragg  scatter  length  (15  m  in  this  case)  were  estimated 
to  be  fully  developed.  The  averaged  received  power  was 
processed  at  four  ranges  down  the  bay:  45,  55,  67,  and 
75  nmi.  Propagation  to  all  of  these  points  was  via  ground 
wave  since  they  were  all  below  the  radio  horizon.  The  area 
within  each  resolution  cell  dS'  was  estimated  from  maps 
of  the  bay.  When  cast  in  the  form  of  (9b)  with  the  atten- 
uation factors  removed,  o-„°  was  measured  to  be  — 17  dB 
at  all  four  ranges.2 

The  fact  that  the  water  surface  in  this  case  was  fairly 
rough  means  that  the  backscatter  might  have  been  ex- 
pected to  approach  the  Phillips  wind-wave  estimate  from 
(16)  as  an  upper  limit.  The  agreement  between  measured 


1  Headrick  reports  the  actual  antenna  gains  rather  than  the 
free-space  gains.  Hence  his  reported  values  of  —29  dB  correspond 
to  ffn°  of  —  17  dB  by  our  definition. 
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Frequency  Shift   From  Corner,  f-f0  ,  Hz 

Measured  ocean  backscatter  signal  spectrum  at  8.37  MHz 
(after  Crombie,  et  al.  [21]). 


and  predicted  values  of  o-t„°  not  only  lends  credence  to  the 
theory,  but  confirms  the  oceanographic  estimate  of  the 
"Phillips  saturation  constant"  of  2  X  10~2  used  in  (14). 

As  further  evidence  of  the  validity  of  the  first-order 
theory  for  ocean-wave  scatter,  we  cite  recent  HF  measure- 
ments by  Crombie  et  al.  [23]  from  Barbados  Island  in 
the  West  Indies.  Again  the  antennas  were  located  near 
the  water  so  that  propagation  to  ranges  beyond  the  hori- 
zon was  via  ground  wave.  In  this  case,  absolute  estimates 
of  <r°  were  not  reported,  but  very  accurate  digital  process- 
ing permitted  detailed  resolution  of  the  received  signal 
spectrum.  Backscatter  was  received  with  broad-band  ver- 
tical monopole  antennas  from  the  half  space  toward  the 
east. 

Shown  in  Figs.  4  and  5  are  the  received  power  spectra 
measured  simultaneously  on  August  15,  1969  at  2.9  and 
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8.37  MHz  from  the  range  cell  at  4.5  km.  The  processor 
permitted  0.002-Hz  resolution;  coherent  processing  at  an 
offset  of  0.">  Hz  (removed  in  the  figures)  permits  both 
negative  and  positive  shifts  about  the  carrier  to  be  ob- 
served. The  first-order  peaks  (corresponding  to  our  im- 
pulse functions  of  (12))  occur  at  ±0.174  Hz  from  the 
carrier  at  2.90  MHz  and  at  ±0.296  Hz  at  8.37  MHz. 
The  relative  strength  of  the  positive  spike  over  the  nega- 
tive spike  at  both  frequencies  agrees  with  the  dominant 
wind  direction  in  this  area;  trade  winds  from  the  east 
should  excite  west-moving  water  waves,  producing  a  posi- 
tive Doppler  shift. 

Lesser  spikes  in  the  records  at  0.0  Hz,  +0.2o  Hz  (in 
Fig.  4)  and  +0.42  Hz  (in  Fig.  5)  are  attributed  by 
Crombie  as  due  to  nonlinearities  in  both  the  water-wave 
equations  and  scattering  process.  Section  VI  estimated 
the  spatial-temporal  spectrum  based  upon  a  linear  hydro- 
dynamic  theory  of  water  waves  and  the  first-order  terms 
in  the  perturbation  analysis. 

VIII.  Discussion  and  Conclusions 

This  paper  set  forth  a  simple  closed-form  result  for  both 
a"  and  the  average  scattered  signal  spectrum  from  a  mov- 
ing sea  surface,  based  upon  a  straightforward  first-order 
hydrodynamic  and  electromagnetic  analysis.  The  discrete 
Bragg-produced  Doppler  shifts  [1],  £23],  observed  experi- 
mentally manifest  themselves  in  the  impulse  spectral 
functions  contained  in  our  result.  Our  quantitative  esti- 
mates for  j„°  of  —  17  dB  are  shown  to  agree  with  measure- 
ments also.  Limits  on  the  mathematical  validity  of  the 
boundary  perturbation  approach  are  derived  in  terms  of 
frequency  and  sea  state. 

We  showed  that  the  effect  of  incidence  or  scatter  of 
vertically  polarized  waves  near  grazing  could  be  separated 
from  <r°  as  the  Norton  attenuation  factors.  These  factors 
are  not  only  functions  of  the  effective  surface  impedance, 
frequency,  and  the  propagation  angles,  but  also  of  range. 
These  factors  can  also  conveniently  account  for  sea  scat- 
ter below  the  horizon,  where  concepts  of  incidence  and 
scattering  angles  no  longer  have  meaning.  It  appears  more 
sound  to  separate  these  propagation  factors  from  the  radar 
scattering  cross  section,  as  we  are  suggesting  in  this  paper, 
for  two  reasons:  1)  their  interpretation  is  clear  and  their 
origin  is  unrelated  to  the  mechanism  producing  scatter, 
and  2)  <r„°  then  approaches  a  more  universal  constant 
value  near  grazing,  independent  of  range  to  the  scattering 
patch. 

Several  have  suggested  earlier  (Crombie  [1],  Ward 
[24],  etc.)  that  MF/HF  radars  should  prove  to  be  ex- 
tremely useful  tools  for  remote  sensing  of  sea  state.  With 
the  analysis  presented  in  this  paper,  we  have  provided  a 
quantitative  link  between  the  radar  observables  and  the 
ocean-wave  height  spectrum  which  will  be  essential  in  the 
implementation  of  such  ocean-wave  sensors.  Furthermore, 
the  simple  Bragg-scatter  interpretation  of  the  interaction 
process  confirmed  by  the  theory  should  permit  the  design 
of  a  variety  of  bistatic  (Barrick  [16],  Peterson  el  al.  [25]) 
as  well  as  backscatter  experiments  for  the  monitoring  of 
ocean  waves. 


For  example,  a  ship  equipped  with  a  broad-band  omni- 
directional vertical  monopole  could  serve  as  a  backseat ter 

radar.3  The  average  scattered  power  from  a  circular  range 
cell  at  a  given  radio  wavenumber  A0  will  be  directly  pro- 
portional to  the  ocean-wave  height  spectrum  evaluated 
at  spatial  wavenumber  2A0.  By  sweeping  frequency  from 
about  1  to  20  MHz,  the  significant  portion  of  the  lower 
end  of  the  gravity  wave  spectrum  can  be  measured. 
Furthermore,  directionality  of  ocean-wave  movement  can 
be  ascertained  because  the  ship's  velocity  imposes  a  unique 
Doppler  bias  on  the  first-order  sea-scatter  shifts  versus 
bearing  from  the  ship  heading.  Such  a  technique,  employ- 
ing the  quantitative  model  set  forth  in  this  paper,  could 
prove  to  be  a  useful  tool  for  detailed  oceanographic  studies 
of  directional  wave  height  spectra. 
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Introduction 

A  semidiurnal  knowledge  of  sea  state  over  the  oceans 
would  be  quite  useful  and  desirable  for  several  applications. 
Maritime  shipping  -  as  well  as  naval  vessels  -  chart  their 
courses  based  upon  the  seas  ahead  of  them.  Since  ocean 
waves  are  produced  by  the  winds,  a  knowledge  of  wave- 
heights  and  directions  can  be  used  to  infer  the  average  wind 
conditions  near  the  surface  for  the  prior  6-to-24  hour 
period:  a  grid  of  such  oceanic  surface  wind  velocities  is  an 
essential  input  to  global  meteorological  prediction  pro- 
grams. Finally,  a  knowledge  of  waveheights,  lengths,  and 
propagation  directions  in  storm  areas  thousands  of  miles 
offshore  can  provide  quite  accurate  extrapolations  as  to 
where  and  when  these  high  waves  will  reach  other  areas, 
and  in  particular  allow  adequate  warning  to  coastal  areas 
likely  to  be  damaged  by  the  waves. 

At  present,  weather  maps  are  prepared  and  available 
every  six  hours,  these  show  wind  and  wave  strength/direc- 
tion data  only  at  a  few  scattered  points  over  the  oceans. 
These  points  originate  from  ships  in  the  area  which  have 
radioed  this  information  back  to  shore.  These  reported 
waveheights  are  '"eyeball"  estimates  made  from  the  bridge 
of  the  ship,  and  consequently  one  notes  a  considerable 
variance  in  the  numbers  for  a  given  area.  In  addition,  there 
are  always  vast  expanses  of  ocean  (probably  approaching  80 


percent)  in  which  there  are  no  reported  sea/wind  data. 

Various  in-situ  techniques  exist  for  measuring  wave- 
heights,  such  as  buoys  and  wavestaffs.  Aircraft  equipped  to 
do  Stilwell  photography  (Stilwell,  1969)  or  multi-course 
laser  profilometry  (Olsen  and  Adams,  1970)  of  the  sea 
surface  can  obtain  estimates  of  the  waveheight  directional 
spectrum  during  good  visibility.  Such  aircraft  techniques 
are  complex  and  expensive  -  hardly  suited  to  regular 
routine  monitoring  of  sea  state  on  a  wide  scale.  Short-pulse 
satellite  radar  altimeters,  to  be  implemented  in  1973  on  the 
NASA  GEOS-C  and  Skylab  satellites,  can  provide  estimates 
of  waveheights  at  the  suborbital  point,  but  one  cannot 
determine  wave  direction  with  this  instrument.  Other  HF 
sensor  combinations,  including  buoys,  ships,  and  satellites 
(Barrick,  1972b),  can  yield  the  waveheight  directional 
spectrum  in  a  localized  area  near  the  ocean  station  (e.g.,  out 
to  perhaps  100  nmi  from  the  device);  these  techniques 
should  prove  useful  in  particular  regions  of  interest  (e.g., 
near  straits,  islands,  etc.).  For  a  constant  surveillance  of 
large  ocean  areas,  however,  the  large  number  of  required 
stations  makes  utilization  of  these  techniques  less  attrac- 
tive. 

The  use  of  shore-based  HF  radars  which  propagate  via 
ionospheric  reflections  (i.e.,  "skywave"  radars)  appears  to 
be  an  ideal  solution  to  the  problem  of  wide-area  routine 
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sea-state  monitoring  (see  Figure  1).  For  example,  a  single 
backscatter  radar  located,  say,  in  Kentucky,  could  observe 
sea  scatter  over  the  entire  Atlantic  coast  out  to  about  1 ,200 
nmi.  While  radial  and  azimuthal  resolutions  of  the  order  of 
two-to-three  nmi  have  been  demonstrated  with  skywave 
radars,  resolutions  no  higher  than  20  nmi  would  likely  be 
required  for  this  application.  Sea  scatter  propagated  via  the 
ionosphere  has  been  observed  many  times  (e.g.,  Tveten, 
1967;  Ward,  1969;Curley  etai,  1972;Barnum,  1971).  The 
problem,  therefore,  in  bringing  this  technique  to  fruition 
lies  in  establishing  and  verifying  the  relationship  between 
the  observed  sea-scatter  signal  spectrum  and  the  ocean-wave 
directional  spectrum.  Preliminary  theoretical  analyses  and 
empirical  interpretations  of  measured  data  indicate  that 
progress  is  rapidly  being  made  toward  resolving  this 
problem. 

Physical  Interpretation  of  Scatter 

Crombie  (1955)  appears  to  have  been  the  first  to 


explain  the  origin  of  HF  sea  scatter,  based  upon  his 
near-grazing  radar  observations.  The  dominant  contribution 
to  the  echo  at  MF/HF  arises  from  those  ocean  waves 
exactly  one-half  the  radar  wavelength  advancing  and  reced- 
ing radially  from  the  radar.  Since  these  deepwater  ocean 
waves  have  a  phase  velocity,  v,  which  varies  with  the 
square-root  of  their  length  (i.e.,  v  =  \/gL/277,  where  g  is  the 
acceleration  of  gravity),  one  observes  this  dominant  (or 
"first-order")  sea  echo  of  a  unique  Doppler  shift,  Af  = 
±Vg/rrX,  where  X  is  the  radar  wavelength.  This  rather 
unusual  variation  of  Doppler  shift  with  the  square-root  of 
the  carrier  frequency  -  rather  than  in  direct  proportion  to 
it  -  provides  convincing  proof  of  the  validity  of  the  above 
"diffraction  grating"  explanation  of  scatter.  Figure  2 
exemplifies  a  non-ionospherically  propagated  spectral  rec- 
ord of  sea  backscatter  at  8.37  MHz  as  observed  by  Crombie 
(1971).  Analysis  (Barrick,  1972a)  has  shown  that  the 
strength  of  the  first-order  echo  at  these  Doppler  shifts  is 
proportional  to  the  height  of  those  ocean  waves  present 
having  the  required  length  and  direction. 


SKYWAVE  SEA  SCATTER 


High-resolution 
backscatter 
radar;  resolved 
sea  area~30x30km 


Figure  1 .  Typical  Sky-Wave  Sea-Scatter  Geometry . 
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To  measure  the  ocean-waveheight  spectrum  using 
first-order  scatter,  one  must  sweep  the  carrier  frequency 
over  the  MF  and  lower  HF  regions,  so  that  the  important 
long-wavelength  end  of  the  ocean  spectrum  is  observed. 
However,  this  frequency  region  is  not  well  matched  to  the 
ionospheric  propagation  channel;  the  upper  HF  region  (i.e., 
above  10  MHz)  gives  greater  ionospheric  radar  area  coverage 
with  less  signal  attenuation.  Hence  attempts  are  being  made 
to  interpret  the  "second-order"  sea  scatter  signal  spectrum 
and  relate  it  to  sea  state. 

Hasselmann  (1971)  and  Barrick  (1971)  proposed  that 
the  second-order  Doppler  return  at  a  higher  HF  frequency 
bears  a  definite  relationship  to  the  waveheight  directional 
spectrum.  The  analysis  (Barrick,  1972b)  shows  that  this 
return  is  produced  by  a  double  first-order  interaction 
process.  Both  twice-scattered  electromagnetic  return  and 
also  the  once-scattered  return  from  two  nonlinearly  inter- 
acting ocean  waves  account  for  this  echo.  Figure  3  is  a 
prediction  of  this  Doppler  return  and  its  dependence  upon 
sea  state  at  10  MHz.  Assumed  here  is  a  Phillips  waveheight 
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Figure  2.   Measured   Ocean    Backscatter   Signal   Spectrum   at   8.37 
MHz  Via  Ground-Wave  Propagation  (after  Crombie,  1971). 
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Figure  3.  Predicted  Ocean  Backscatter  Signal  Spectrum  at  10  MHz 
for  Phillips  Semi-Isotropic  Waveheight  Spectrum. 


directional  spectrum  for  fully  developed  seas;  the  lower 
cutoff  for  this  spectrum  corresponds  to  waves  whose  length 
is  great  enough  to  allow  them  to  keep  up  with  the  wind. 
The  radar  propagation  direction  in  this  example  is  assumed 
to  be  into  the  wind.  The  appearance  of  the  second-order 
return  is  somewhat  different  for  the  crosswind  case  (see 
Barrick  1972b).  The  theory  shows  that  in  general  the  height 
and  proximity  of  the  second-order  peaks  to  the  first-order 
line  is  a  direct  indicator  of  sea  state.  Further  theoretical 
effort  and  experimental  verification  are  required  to  solve 
the  inverse  problem  —  predicting  the  sea  waveheight 
directional  spectrum  with  confidence  from  the  Doppler 
signal  spectrum  at  a  single  HF  carrier  frequency. 

Ionospheric  Complications 

While  it  is  the  ionosphere  which  holds  out  the 
prospect  of  sea-state  monitoring  at  great  distances,  the 
ionosphere  also  injects  complications  and  limitations  on 
such  a  system.  These  problems  must  be  understood  in  order 
to  operate  such  a  system  effectively.  Great  strides  have 
been  made  over  the  past  decade  in  dealing  with  the  vagaries 
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of  the  ionosphere  in  the  operation  of  skywave  radars.  This 
extensive  research  has  eliminated  most  of  the  major 
unknowns,  and  has  yielded  diagnostic  techniques  and 
computerized  models  for  forecasting  ionospheric  propaga- 
tion conditions.  An  excellent  review  of  the  current  state  of 
the  art  in  ionospheric  research  was  published  by  Croft 
(1972). 

The  first  problem  in  the  use  of  the  ionosphere  is  the 
variation  in  frequency  required  to  transmit  to  a  given  range 
as  the  ionosphere  undergoes  its  diurnal  and  seasonal  cycles. 
The  system  must  be  capable  of  transmitting  over  several 
octaves  (e.g.,  from  6-to-30  MHz).  One  normally  selects  the 
frequency  to  use  by  making  a  backscatter  ionogram,  finding 
the  MUF  (maximum  usable  frequency)  which  will  propa- 
gate to  the  desired  range,  and  then  operating  at  a  frequency 
about  80-to-90  percent  of  this  value.  Much  about  propaga- 
tion conditions  can  be  learned  from  such  a  backscatter 
ionogram;  it  can  also  be  used  as  an  input  to  ray -tracing 
programs  presently  available.  Figure  4  shows  an  example  of 
a  typical  ionospheric  ray  trace,  including  the  effects  of  the 
antenna  pattern  (Curley  et  ah,  1972).  Such  programs 
permit  one  to  deduce  from  the  observed  time  delay  the 
great  circle  range  to  the  ground  point  being  observed.  The 
ionogram  and  ray-tracing  programs  will  often  indicate 
complications,  such  as  multiple  moding  (i.e.,  reflections 
from  different  layers  simultaneously)  and  sporadic-E  reflec- 
tions. 

Other  complicating  ionospheric  effects  will  inevitably 
degrade  the  echo  to  some  extent.  To  illustrate  these  effects, 
refer  to  Figure  5;  this  is  a  record  of  skywave  backscatter 
from  the  North  Atlantic  made  at  the  Naval  Research 
Laboratory  facility  on  the  Chesapeake  Bay  at  17.5  MHz. 
The  range  (~1000  nmi)  and  azimuth  were  such  that  the 
return  includes  both  sea  scatter  and  land  echo  from 
Newfoundland.  Two  consecutive  range  cells  are  shown  for 
comparison.  The  spectral  processing  resolution  was  better 
than  0.01  Hz.  Ionospheric  motions  produce  two  effects:  an 
overall   Doppler  shift  and  spectral  smearing.  The  overall 


shift  can  be  deduced  by  measuring  the  position  of  the  land 
echo  from  the  carrier  frequency.  In  Figure  5,  this  shift  is 
barely  noticeable,  but  at  sunrise  and  sunset  when  the 
ionospheric  layers  are  descending  and  ascending  vertically, 
this  shift  can  be  as  much  as  0.1  Hz.  Smearing  is  noticeable 
in  this  record,  however.  The  land  echo,  which  should  be  no 
wider  than  0.01  Hz  due  to  the  processing  resolution,  is 
rather  of  the  order  of  0.05  Hz.  The  first-order  Bragg  lines, 
nonetheless,  are  unmistakable.  There  is  without  question 
some  second-order  return  at  negative  Dopplers  beyond  -If}. 
The  overall  picture  agrees  qualitatively  with  expectations, 
winds  of  about  20  knots  were  blowing  toward  the 
Northeast,  producing  dominant  waves  moving  away  from 
the  radar. 

One  of  the  primary  difficulties  with  skywave  radars  is 
not  encountered  in  this  application:  that  of  system  calibra- 
tion. Since  ionospheric  attenuation  is  unknown  at  any  time, 
one  has  no  way  of  determining  the  radar  cross  section  of 
the  scatterer  without  the  use  of  a  known  standard  target  (or 
calibrator)  in  the  area  of  interest.  Here,  however,  it  is  the 
strength  and  position  of  the  second-order  echo  with  respect 
to  the  first-order  return  which  is  related  to  sea  state.  Since 
both  propagate  via  the  same  ionospheric  path,  unknown 
propagation  losses  do  not  impede  the  interpretation  of  the 
results. 

Figure  5  is  a  relatively  "clean"  skywave  record. 
Occasionally  ionospheric  multimoding,  Faraday  rotation, 
sporadic  E,  and  other  complications  will  produce  such  a 
multiplicity  of  echoes  that  interpretation  is  impossible. 
Such  conditions,  however,  will  seldom  exist  beyond  a  few 
hours.  Since  sea-state  conditions  do  not  change  much  over  a 
six-hour  period  or  so,  one  can  afford  to  wait  until  the 
skywave  signal  becomes  cleaner. 

As  emphasized  earlier,  much  about  ionospheric  prop- 
agation is  presently  known.  However,  one  cannot  outline  a 
simple  operational  procedure  which  will  work  at  all  times 
and    ranges.    Experience,   adaptability,   and   patience  are 


Range  (km) 

Figure  4.  Typical  Trace  of  Rays  Through  the  Ionosphere,  Including  Pattern. 
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Figure  5.  Measured  Backscatter  Signal  Spectrum  it  17.5  MHz  via 
Skywave  Propagation. 


prerequisites  in  the  successful  operation  of  a  skywave  radar. 
Since  minutes  and  hours  are  not  critical  for  sea-state 
monitoring,  the  system  should  prove  to  be  entirely  ade- 
quate for  this  application. 

Conclusions 

Skywave  radar  -  in  conjunction  with  the  second- 
order  sea  Doppler  echo  -  appears  to  be  the  ideal  tool  for 
remotely  sensing  sea  state  from  land  out  to  great  distances. 
Further  research  should  be  done  relating  the  second-order 
echo  to  the  sea  waveheight  spectrum;'  this  is  best  tested 
using  nonionospheric  propagation.  Statistics  on  skywave  sea 
backscatter  should  then  be  gathered  to  assess  the  utility  of 
the  technique  and  to  aid  in  the  eventual  design  and 
operation  of  the  system. 

A  final  advantage  to  this  HF  system  is  the  inherent 
potential  for  communication/lifesaving  with  ships  and 
personnel  in  the  area.  Ships  within  radar  range  can  be 
informed  of  sea  conditions  ahead  of  them  by  the  same  HF 
transmitter  used  for  sea  state  monitoring.  These  vessels  can 
be  tracked  -  either  via  their  echo  or  aided  by  an  active 
repeater  —  to  permit  dispatch  of  assistance  in  case  of  peril. 
Finally,  personnel  in  distress  equipped  with  low-power  HF 
beacons  —  either  aboard  small  craft  or  lifeboats  —  could  be 
located  in  relatively  short  order  by  the  radar  receiver. 

Footnote 

Even  in  the  absence  of  this  relationship,  Curley  et  al.  (1972) 
have  already  demonstrated  considerable  success  in  predicting 
oceanic  wind  and  wave  conditions  strictly  on  the  basis  of  empirical 
deductions  from  skywave  sea  echo  records  over  the  Atlantic. 
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ABSTRACT 

The  purpose  of  the  present  research  is  to 
demonstrate  that  sea  state—as  expressed  via 
the  waveheight  directional  spectrum--can  be 
determined  with  a  long-range  sky-wave  HF  radar 
system  by  a  proper  interpretation  of  the 
higher-order  signal -echo  Doppler  spectrum. 
Sea-echo  spectra  measured  at  many  HF  frequen- 
cies in  an  experimental  surface-wave  radar 
system  agree  with  theoretical   pred^tions  to 
first  and  second  order,  indicating  that  gross 
Initial  estimates  of  the  waveheight  direction- 
al spectrum  can  be  obtained  quickly  from 
inspection  of  the  radar  records.     Those  ini- 
tial estimates—along  with  an  understanding  of 
the  general  behavior  of  the  integrand—will 
permit  the  numerical   inversion  of  an  integral 
equation  for  second-order  scatter  to  obtain  a 
considerably  more  refined  calculation  of  the 
waveheight  directional  spectrum.     Such  tech- 
niques should  prove  useful   in  a  future  opera- 
tional  system  for  the  routine  monitoring  of 
sea  conditions  out  to     1500  nm1  from  the  U.S. 
coasts. 


INTRODUCTION 

There  is  considerable  effort  underway  at 
present  to  apply  HF  sky-wave  radars  (using  an 
Ionospheric  reflection  during  propagation)   to 
the  problem  of  remotely  sensing  sea  state. 
Besides  NOAA's  Wave  Propagation  Laboratory 
(WPL)*,  NRL  is  conducting  sky-wave  experiments 
on  this  concept  looking  into  the  mid-to-North 
Atlantic   [l],  and  the  James  Cook  University  at 
Townsville,  Australia  is  doing  likewise  looking 
in  the  South  Pacific  and   Indian  Oceans   [2]. 
All   of  these  experiments  are  examining  the 
Doppler  signal   spectrum  of  the  HF  echo  back- 
scattered  from  the  sea  and  attempting  to  relate 
its   characteristics   to  the  significant  descrip- 


*It   is  presently  planned  that  NOAA/WPL  vill 
Join  with   the   Institute   for  Telecommunication 
Sciences    (ITS)   and  the  Naval  Research   Labora- 
tory   (NRL)   in  a  Joint   sky-wave   experiment   on 
San   Clemente   Island  looking  into   che  North 
Pacific. 


tors  of  sea  state.  The  sky-wave  radar  offers  the 
exciting  prospect  of  coverage  out  to  2000  nmi 
from  the  land-based  site;  however,  one  is  nor- 
mally restricted  to  operating  near  a  frequency 
dictated  by  the  desired  range,  time  of  day,  and 
peculiar  ionospheric  conditions.  Therefore,  all 
deductions  about  sea  state  must  be  obtained  from 
an  average  Doppler  spectrum  made  essentially  at  a 
single  frequency  and  a  given  azimuthal  look  angle, 
since  it  is  not  possible  to  vary  these  parameters 
at  will.  Hence  it  is  quite  important  to  analyze 
and  verify  the  angle/frequency/sea-state  depend- 
encies of  the  echo  spectrum  in  order  to  ascertain 
the  utility  and  accuracy  of  the  sky-wave  technique. 

A  theoretical  model  has  been  developed  re- 
lating the  Doppler  signal  spectrum  of  the  sea  echo 
to  the  waveheight  directional  spectrum.  The  model 
exhibits  a  second-order  nonlinearity ,  in  that  the 
signal  Doppler  spectrum  is  equal  to  an  integral 
containing  the  waveheight  directional  spectrum  as 
a  factor  twice.  Since  the  waveheight  directional 
spectrum  is  the  unknown,  or  desired,  quantity  and 
the  Doppler  spectrum  is  the  known,  or  measurable, 
quantity,  one  has  in  effect  an  integral  equation 
which  must  be  inverted.  It  would  of  course  be 
most  desirable  to  numerically  invert  this  equation 
automatically  in  any  operational  sky-wave  system 
to  produce  an  estimate  of  the  ocean  waveheight 
directional  spectrum.  The  alternative  to  such  an 
inversion  scheme  is  a  "pattern  recognition" 
process,  whereby  many  echo  Doppler  spectra  are 
computed  for  various  waveheight  spectrum  models 
and  radar  parameters.  The  operator  then  searches 
for  the  echo  Doppler  spectrum  which  best  matches 
what  he  is  currently  observing,  and  thusly 
deduces  the  nature  of  the  sea  waveheight  direction- 
al spectrum.   In  doing  so,  the  operator  will  begin 
to  subconsciously  employ  certain  features  of  the 
echo  spectrum  which  appear  to  be  the  more  sensitive 
indicators  of  the  sea  spectrum.  Once  these  echo 
features  are  identified,  of  course,  a  computer 
could  just  as  easily  do  the  pattern  comparison. 

Of  the  two  techniques  (integral  inversion 
and  pattern  recognition),  the  integral  inversion 
is  more  technically  thorough  and  satisfying.  Both 
techniques  are  being  studied  at  WPL  and  are  being 
tested  with  the  theory  against  measurements  of  HF 
sea  echo  made  from  a  surface-wave  radar.  Surface- 
wave  measurements  have  been  used  up  to  this  point 
in  preference  to  sky-wave  measurements  because 
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such  signals  are  more  free  of  time-varying  propa- 
gation distortions.  Once  the  two  techniques  have 
been  verified  against  surface-wave  echo  signals, 
a  sky-wave  research  facility  will  be  Implemented 
to  ascertain  the  ultimate  accuracy  of  such  a 
system  1n  the  presence  of  diurnal  and  seasonal 
'onospherlc  distortions. 

EXPERIMENTAL  FACILITY 

A  series  of  HF  surface-wave  measurements 
of  sea  echo  were  undertaken  1n  a  joint  experiment 
between  NOAA/WPL,  NRL,  and  ITS  on  San  Clemente 
Island  off  California.  Between  1  November  1972 
and  30  April,  1973,  approximately  25  hours  of 
sea-echo  Ooppler  spectra  were  gathered.  The 
facility  1s  located  on  the  Northwest  side  of  the 
Island  and  looks  Westward  Into  the  Pacific.  It 
is  capable  of  transmitting  any  number  of  fre- 
quencies (up  to  100)  simultaneously  from  2  to  25 
MHz  1n  a  pulse-to-pulse  progression  —  and  process- 
ing the  returns  on  each  frequency  coherently. 
Pulsewidths  available  are  20,  50,  and  100  us 
with  a  200  pulse-per-second  repetition  rate.  The 
sea  echo  from  several  range  gates  can  be  processed 
slT'jItaneously;  to  provide  adequate  signal-to- 
noise  ratio,  the  echoes  at  22.5,  30,  and  37.5  km 
from  the  radar  were  found  to  be  optimal,  and  hence 
mst  sea  echo  data  were  recorded  at  these  ranges. 

The  transmitter  provided  an  output  power  of 
7S  kW  peak.  The  transmitting  antenna  was  a  twin- 
bay  log-periodic  monopole  array  producing  vertical 
polarization;  with  a  gain  of  14  dB,  1t  provided  a 
lemwldth  of  60°  centered  on  255°  T.  An  850-foot 
i*reiv1ng  array  parallel  to  the  beach  was  capable 
"i   funning  two  simultaneous  beams  at  240°  and  270°, 
with  elements  switched  1n  and  out  automatically 
vs  frequency  so  that  the  beamwldth  did  not  vary 
drastically  over  the  decade  frequency  range;  as 
a  result,  the  beamwldth  was  about  15°  at  3  MHz 
and  7°  at  24  MHz.  Data  were  processed  and  record- 
ed digitally  on  magnetic  tape--both  1n  raw  IF  form 
<»nd  as  200-second  coherent  spectra. 

A  Datawell  Waverider  buoy  was  also  moored 
'  the  scattering  area.  This  device  provided  both 

■  sea  significant  wavehelght  and  nondi recti onal 

•..-.height  spectra.  The  buoy  output  was  confirmed 

md  -•  ipplemented  by  wave  hindcast  tables  prepared 

Til,  Inc.;  these  data  indicated  wave  direction 

-  :o  also  listed  the  height,  period,  and  direction 

f  any  swell  present. 

c.C0ND- ORDER  THEORY 

F*<  jt-order  theory  [3,M  1n  which  scatter 
e  surface  is  derived  via  a  boundary- 
"■      ti onal  treatment  (assuming  (i)  small  sea 

,C  gh-ts  in  terms  of  radar  wavelengths  and 
(11)  small  slopes),  shows  that  the  average, 
vertically  polarized,  Ooppler  signal  spectrum  for 
surface-wave  sea  backscatter,  oVy(n),  is  directly 
proportional  to  the  wavehelght  directional 
spatial  spectrum  S(icxlKy).  Furthermore,  the 
Doppler  shift  always  occurs  at  two  discrete  fre- 
quencies, caused  by  waves  precisely  one-half  the 


radar  wavelength  moving  toward  and  away  from  the 
radar.  This  1s  the  "Bragg-scatter"  mechanism  and 
may  be  expressed  quantitatively  as 

(I)  o^)(n)»27T.k;[S+(2ko,0)Mn-u+)+ 

+  S_(-2k,.0)6(ri-u,J), 

where  n=w-u)0  Is  the  Doppler  shift  (rad/s),     u0   is 
the  radian  carrier  frequency,     k0=w0/c  is   the 
radar  wavenumber,     c     Is  the  free-space  radio 
propagation  velocity,  and  u+  ■  jVZgtl.     The  6(x) 
is  the  D1rac- delta  function  of  argument     x.     The 
square-root  relationship  merely  expresses  the 
first-order  dispersion  equation  for  deep  water 
surface  waves  under  the  Influence  of  gravity  with 
a  vertical  acceleratlonal  constant    g.     The    ♦ 
notation  1s  used  to  denote  those  portions  of  the 
wave  spectrum  moving  toward  (positive)  and  away 
from  (negative)  the  radar.     In  the  above  equation, 
the  x-d1 recti  on  1s  assumed  to  coincide  with  the 
radar  line  of  sight. 

Unfortunately,  at  the  upper  HF  frequencies 
(6-30  MHz)  at  which  a  sky-wave  radar  is  forced  to 
operate,  the  sea  spectrum  S(2k0,0)  usually  always 
has  the  same  constant  magnitude,  independent  of 
"sea  state";  1t  1s  hence  said  to  be  saturated, 
following  an  Inverse  fourth-power-  wavenumber  law 
typical  of  this  equilibrium  region,     lhus  the 
dominant  "spike"— as  expressed  In  the   lelta 
function  above— Is  saturated  1n  its  magnitude,  and 
hence  insensitive  to  the  lower  "se^  state"  end  if 
the  gravity-wave  spectrum.     In  thii   frequency 
region,  Investigators  have  observed  the  presence 
of  an  appreciable  higher-order  Doppler  continuum 
on  their  measured  records,  1n  addition  to  the 
prominent  first-order  spikes.     This  higher-order 
echo  appears  to  fluctuate  more  significantly  with 
wavehelght  and  direction.     Therefore,  the  theory 
was  extended  to  second-order  in  an  attempt  to  pre 
diet  and  Interpret  the  higher-order  observed 
signals.     Two  contributions  to  this  echo  were 
found:   (1)  second-order  "hydrodynamlc"  contribu- 
tions due  to  the  small  nonlinear  terms  1n  the 
boundary  conditions  at  the  free  water  surface  and 

(II)  second-order  "electromagnetic"  contributions 
due  to  the  previously  neglected  higher-order  terms 
of  the  boundary  perturbatlonal  scatter  theory. 
The  result  of  this  analysis  [5]  Is 


(2) 


a<v>(n)- 


!'i*,J  j* 


|r„+r. 


H  'EM' 


xS(<l/ly)S(K2xK2y)> 

x6(n-a),-u)2)dpdq, 


where     ^'(p-kjx+qy;  <t-  -(p+k0)x-qy;  rehire, |; 
S=lsl;  tJ,"s9n(Kix)'/9<7;  w2»sgn(ic2x)/T7  .     The 
convention  sgn(x)  represents  the  factor    +1 
depending  uoon  whether     x     1s     +.     The     T"s  are 
the  contributions  due  to  the  hydVodynamic  and 
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electromaqnetic  second-order  processes  decribed 
above,  and  are 


(1  **J\ 


where  A  is  the  normalized  effective  wave  imped- 
ance of  the  rough  sea  surface,  and  u^  1s  defined 
following  Eq.  (1). 

The  interpretation  of  the  above  equation 
clearly  indicates  a  second-order  "Bragg"  inter- 
action process  as  the  mechanism  responsible  for 
the  scatter.  The  scattered  radio  wavenumber, 
-k0x,  is  equal  to  i?1-'-<2+k0x ,  where  the  last  term 
is  the  incident  radio  wavenumber.  The  frequency 
of  the  scattered  radiation,  u,  is  equal  to 
u,+w2+u.5 ,  as  implied  in  the  argument  of  the  6- 
f unction.  Thus  two  moving  ocean  waves  of  wave- 
numbers  i^!  and  <  (with  corresponding  temporal 
frequencies  u.   and  uj2)  are  interacting  to  pro- 
duce the  second-order  scattered  signal.  The 
presence  of  the  6-f unction  permits  one  of  the 
integrations  to  be  executed  in  closed  form  (after 
appropriate  transformations),  with  a  single 
integration  remaining.  If  one  assumes  a  form  for 
the  waveheight  spectrum,  S(<x,k  ),  this  integration 
must  generally  be  done  numerically.  On  the  other 
hand,  if  one  wants  to  determine  the  waveheight 
spectrum,  S(>cx,pc  ).  from  the  second-order  Doppler 
signal  spectrum,  aVy  (n),  one  must  "invert"  the 
resulting  integral.  As  mentioned  previously,  the 
inversion  process  is  nonlinear  in  the  sense  that 
the  desired  waveheight  spectrum  appears  as  a  factor 
twice  in  the  integrand. 

COMPARISON  OF  THEORY  AND  EXPERIMENT 

As  a  preliminary  check  on  the  theory,  we 
selected  measurements  from  4  December  1972,  a  day 
during  which  the  sea  was  fully  developed  by  a  25 
knot  wind  blowing  predominantly  toward  the  radar. 
Fig.  1  is  the  non-directional  waveheight  spectrum 
measured  by  the  Waverider  buoy,  along  with  the 
Phillips  spectrum  model  we  employed  in  Eqs.  (1) 
and  (2)  to  represent  the  sea.  Hindcast  calcula- 
tions for  that  time  showed  that  the  wind-driven 
sea  was  from  approximately  290°T  (about  20°  from 
the  270°  centerline),  and  had  a  significant  wave- 
height  of  about  8  feet.  In  addition,  the  hind- 
casts  revealed  a  swell  of  14  seconds  period  from 
255°T  with  a  significant  waveheight  of  3.5  feet. 
This  swell  is  clearly  evident  in  the  buoy  spectrum 
of  Fig.  1  at  0.07  Hz,  but  was  not  taken  into 
account  in  the  theoretical  model. 

Because  little  is  known  about  the  angular 
patterns  of  waveheight  spectra,  we  selected  two 
patterns  for  use  in  the  idealized  Phillips  model 
of  Fig.  1.  One  is  the  semi -isotropic  pattern 
suggested  by  Phillips  [C],   in  which  the  waves  of  a 


yiven  wavenumber  are  assumed  to  be  moving  in  all 
directions  with  equal  height  into  the  half-space 
into  which  the  wind  is  blowing.  The  other  is  a 
cosine-squared  directional  pattern  about  the  mean 
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Figure  1.     Measured  nondireational  waveheight  in 
scattering  area  off  San  Clemente  Island.     Theoreti- 
cal Phillips  model  shown  as  triangle.     Scale  at 
bottom  gives  ocean  wave  frequency  directly  observed 
by  radar  carrier  frequency,   according  to  first- 
order  Bragg  scatter  mechanism. 

wind  direction.     In  both  cases  the  energy  under  the 
wave  spectra  are  kept  the  same  so  that  they  produce 
the  same  significant  waveheight.     Also  it  was 
assumed  that  the  sea  was  symmetric  about  270°--the 
right  radar  beam--rather  than  the  actual   290°,  for 
convenience  of  calculation. 

Figs.   2,  3,  and  4  are  comparisons  of  the 
measured  Doppler  spectra  and-  the  theoretical   using 
the  models  described  above  in  Eqs.   (1)  and  (2). 
While  data  were  recorded  at  ten  frequencies  between 
2.41  and  24  MHz,  only  those  at  4.54,  9.4,  and  17.4 
MHz  are  shown  here  for  lack  of  space.     The  measured 
spectra  have  0.005  Hz  Doppler  resolution,  corre- 
sponding to  200-second  Fourier  transforms.     Nine 
such  power  spectra  were  incoherently  averaged,  for 
a  total   of  one-half  hour.     The  measurements  were 
taken  on  the  20  us  pulse  width  at  22.5  km  range. 
Both  the  theoretical   and  experimental   data  were 
normalized  to  the  first-order  echo  positions 
(occurring  at  unity)  and  smoothed  using  a  Gaussian 
smoothing  function  with  a  half-power  width  of  .087 
times  the  first-order  echo  Doppler  (/2k0g  rard/s). 
The  smoothing  ensured  that  the  theoretical   and 
experimental  data  would  have  the  same  first-order 
peak  widths.     Since  the  first-order  peaks  are 
assumed  to  be  saturated,*  their  heights  are  used  as 


*The   scale   at  the  bottom  of  Fig.    1  shovs   the  posi- 
tions  at  which  a  given  carrier  frequency  observes 
the  sea  spectrum  in  the  first-order  interaction. 
Above  2.5  MHz,  the   first-order  interaction  occurs 
in  the  f-5   equilibrium  region,   satisfying  the 
assumption  or   saturation. 
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Figure  2.     Measured  smoothed  backscatter  Doppler 
spectrum  (eclid  line)  off  San  Clemente  Island  at 
4.S4  MHz  on  4  Dec  1972.      Also  shown   (only  on 
dominant  positive  Doppler  side)   are  theoretical 
predictions  using  Phillips  spectrum  with  semi- 
isotropic  (dash)  and  cosine-squared  (dot)   direc- 
tionalities . 


figure  4.     Measured  smoothed  backscatter  Doppler 
spectrum  (solid  line)   off  San  Clemente  Island  at 
17.40  MHz  on  4  Dec  1972.     Also  shown   (only  on 
dominant  positive  Doppler  side)   are  theoretical 
predictions  using  Phillips  spectrum  with  semi- 
isotropic  (dash)  and  cosine-squared  (dot)   direc- 
tionalities . 
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Figure  3.     Measured  smoothed  backscatter  Doppler 
spectrum   (solid  line)   off  San  Clemente  Island  at 
9.40  MHz  on  4  Dec  1972.      Also  shown   (only  on 
dominant  positive  Doppler  side)   are  theoretical 
predictions  using  Phillips  spectrum  with  semi- 
isotropic   (dash)   and  cosine -squared  (dot)   direc- 
tionalities . 


the  amplitude  normalization  between  theory  and 
experiment  in  Figs.  2,  3,  and  4.  The  agreement  is 
quite  good;  the  implication  of  the  comparison  will 
be  discussed  in  the  subsequent  sections. 


In  any  attempt  to  invert  an  integral 
equation  such  as  Eq.  (2),  one  should  understand 
the  typical  behavior  of  the  unknown  function  in 
the  Integrand  for  parameter  values  representative 
of  sky-wave  radar  operation.  To  obtain  such  an' 
understanding,  the  semi -isotropic  and  cosine- 
squared  directional  wavehelght  spectrum  models 
discussed  In  the  above  section  are  shown  three- 
dimensionally  1n  Figs.  5(a)  and  6(a).  These 
spectra  are  normalized  in  amplitude;  also,  the 
spatial  wavenumbers  are  normalized,  the  latter 
being  divided  by  the  cutoff  wavenumber,  <C0=g/U2 
where  U  is  the  wind  speed.  Thus  the  p,  q-axes 
become  u,  v,  where  u=p/<co,  v=q/<co.  The  wind/ 
wave  direction  is  the  x-direction,  corresponding 
to  the  u-axis  in  a  normalized  wavenumber  space. 
As  mentioned  previously,  the  spectra  follow  an 
inverse  fourth-power  wavenumber  dependence  in  the 
equilibrium  region,  and  drop  abruptly  to  zero 
below  the  cutoff  wavenumber  (with  this  normal- 
ization, for  /u2+v*  <  1). 

In  Figs.  5(b)  and  6(b)  are  shown  the  normal- 
ized product  functionals  S(ic|x,<iy)S(<2  ,<2y). 
plotted  in  u=p/<co,  v=q/<co  space.  They  are 
plotted  for  a  value  of  radar  wavenumber-to-cutoff 
wavenumber  (<0/<co)  of  5;  this  is  typical  of  sky- 
wave  radar  operation,  and  would  correspond  to  a 
carrier  frequency  of  18  MHz  scattering  from  a  sea 
fully  developed  by  22  knot  winds.  The  surface 
plots  are  shown  only  for  u  <  0  because  they  are 
symmetric  about  u=0.  The  appearance  of  the  product 
functional  is  that  of  the  single  spectrum,  but 
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Figure  5.  Isometric  views  of  normalized  semi-isotropic  Phillips  wave- 
height  spectrum  model;  plotted  singly  in  (a)  as  a  function  of  spatial 
wavenumbers,  S(u,v);  plotted  in  (b)  as  product  appearing  in  integrand 
of  Eq.    (2)   vs  spatial  wavenumbers,  S(u+5,v)S(u-S,v) . 


Figure  6.  Isometric  views  of  normalized  cosine-squared  Phillips  wave- 
height  spectrum  model;  plotted  singly  in  (a)  as  a  function  of  spatial 
wavenumbers,  S(u,v);  plotted  in  (b)  as  product  appearing  in  integrand 
of  Eq.    (2)   vs  spatial  wavenumbers,   S(u+S,v)S(u-5,v) 
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shifted  out  to  a  new  position  at  k0/icco=5,  and  mon- 
otonically  weighted  by  the  [ (u+5)2+v2]-2-(u+5)-" 
value  of  the  other  spectrum.  Note  that  all  of  the 
significant  volume  in  these  product  spectra  occur 
within  a  radius  of  about  2.5  from  the  spectrum 
center.   The  normalized  Doppler  shifts  implied  by 
the  6-function  in  Eq.  (2)  which  fall  within  this 
circle  of  importance  lie  in  the  region  .55<n/u)f)<l  .5. 

Hence  Figs.  5  and  6  reveal  two  important 
facts  relevant  to  the  inversion  of  Eq.  (2): 

(1)  In  the  regime  of  most  interest  to  sky- 
wave  radar,  it  may  be  possible  to  "linearize"  the 
nonlinear  product  functional,  since  one  of  the 
spectrum  factors  has  the  effect  of  monotonically 
weighting  the  other  spectrum  factor  in  a  known 
manner  in  the  region  where  the  latter  factor  1s 
Important.  Thus  one  of  the  factors  should  be  re- 
placeable by  a  tilted  surface  (to  the  first  order) 
whose  slope  and  height  are  constants.  This  then 
leaves  only  one  directional  waveheight  spectrum  1n 
the  integrand  whose  shape  must  be  determined. 

(2)  The  normalized  Doppler  frequencies  at 
which  significant  echo  energy  will  appear  1n  the 
second-order  analysis  are  those  Intersecting  the 
circle  of  radius  2.5  centered  at  U(,=k,/Kco(=5  here). 
This  is  somewhat  confirmed  by  Fig.  4,  which  shows 
that  the  best  agreement  between  measurement  and 
first  and  second-order  theory  occurs  for  normalized 
frequencies  between  about  0.55  and  1.5. 

A  brief  discussion  will  be  undertaken  here 
on  the  integral  inversion  techniques  being  developed 
at  WPL.  Consider  Eq.  (2)  to  be  the  Integral 
equation  in  which  the  waveheight  spectrum  S(kx,kv) 

1s  to  be  determined  from  measurements  of  o^2  (n). 
Since  a  nonlinear  integral  equation  such  as  (2)  does 
not,  in  general,  possess  globally  unique  solutions, 
additional  information  is  required  to  extract  mean- 
ingful results.  However,  since  both  theory  and  pre- 
vious direct  measurements  can  provide  a  physically 
reasonable  first  estimate  of  S(kx,Kw),  locally 
unique  and  meaningful  solutions  can  be  obtained  by 
iterating  a  linearized  version  of  the  original 
equation.  For  example,  one  of  two  situations  will 
be  obvious  from  initial  examination  of  a  measured 
Doppler  signal  spectrum:  (i)  the  second-order 
echo  is  sufficiently  strong  as  to  suggest  a  large 
value  of  k0/icco(e.g. ,  greater  than  2);  (1i)  the 
second-order  echo  is  weak,  suggesting  k0/Kco  <  2. 
In  the  first  case,  the  approximation  suggested  in 
Section  (1)  of  the  preceding  paragraph  1s  appli- 
cable; the  integral  is  linearized  by  representing 
one  of  the  two  waveheight  spectrum  factors  by  a 
plane  with  two  unknown  constants.  These  constants-- 
along  with  the  remaining  waveheight  spectrum--can 
be  determined  by  standard  linear  Integral  equation 
techniques. 

The  second  situation,  resulting  at  lower  HF 
frequencies  and  for  lower  sea  states,  is  more  diffi- 
cult, for  there  the  integral  equation  remains  non- 
linear because  the  linearization  of  one  of  the 
S-factors  is  not  possible.  In  this  case,  a  differ- 


ent linearization  of  the  problem  1s  accomplished 
by  perturbations  about  a  previous  estimate,  and 
this  leads  directly  to  an  equation  of  the  gener- 
al form 


(3) 


6o(s)(n)  = 
vv  '  " 


j  K(n.C)fiS[Kx(c).Ky(t)]dC, 


where  SOy2 


is  the  difference  between  measured 


and  calculated  values  of  the  spectrum,  6S  is  the 
difference  between  true  and  previous  estimate  of 
the  waveheight  spectrum,  and  K  1s  the  known 
kernel . 

A  fundamental  difficulty  in  solving  (3) 
arises  because  measurements  of  o^2'  contain 
noise  which  1s  uncorrelated  with  S(kx,Kw). 
Thus  any  attempt  to  satisfy  (3)  will  be 
ultimately  limited  1n  accuracy  by  the  noise 
level  [7].  Our  first  attempt  on  the  solution  of 
(3)  1s  underway  at  present,  and  1s  employing  the 
Bacchus-Gilbert  algorithm  [8].  This  inversion 
technique  forms  estimates  of  S(kx,Kw)  from  a 
linear  combination  of  measurements  with  known 
noise  level.  A  trade-off  curve  allows  a  compar- 
ison between  resolution  of  S  and  error  1n  S 
due  to  propagation  of  measurement  errors.  Thus 
this  technique  yields,  at  a  given  point,  Kx,Ky, 

an  estimate  of  S,  Its  associated  error  vari- 
ance, and  Its  accuracy.  Other  stable  algorithms 
(such  as  the  PhilUps-Twomey,  the  Landweber 
iteration,  and  statistical  inversion)  which  are 
available  at  WPL  will  be  used  if  the  Bacchus- 
Gilbert  method  yields  questionable  results. 

CONCLUSIONS 

The  results  of  a  series  of  surface-wave 
measurements—backed  by  a  theoretical  model  for 
first  and  second-order  sea  scatter—indicate 
that  it  will  be  possible  to  interpret  the 
Doppler  spectrum  of  sky-wave  sea  echo  1n  terms 
of  the  waveheight  directional  spectrum.  While 
a  pattern  recognition  procedure  of  correlating 
an  observed  Doppler  spectrum  with  a  model  of  the 
directional  sea  spectrum  is  certainly  possible, 
dominant  emphasis  at  WPL  is  being  given  to 
numerical  inversion  of  the  echo  spectrum  to 
obtain  the  sea  waveheight  spectrum.  Since  pre- 
vious correlations  of  echo  spectra  and  wave- 
height  spectra  have  thus  far  proved  successful, 
the  fairly  close  initial  estimates  required  for 
the  convergence  of  our  integral  equation  Inver- 
sion techniques  seem  assured.  Thus  it  appears 
that  the  accuracy  of  the  numerical  inversion 
technique  will  ultimately  be  limited  by  "noise". 
This  noise  in  an  operational  system  will  Include 
external  atmospheric  noise,  Ionospheric  spectral 
distortions  and  multi-path,  and  sea  scatter  of 
higher  order  than  second.  A  sky-wave  experiment- 
al program  1s  to  be  undertaken  shortly  to 
determine  the  ultimate  accuracy  of  an  operational 
system.  An  important  consideration  which  miti- 
gates the  accuracy  requirements  of  a  single 
observation  1s  the  fact  that  the  sea  state 
normally  does  not  change  significantly  in  a  6- 
hour  period;  during  this  time,  a  number  of 
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observations  of  the  same  sea  area  can  be  made  over 
a  two  or  three  octave  frequency  range,  as  iono- 
spheric propagation  conditions  vary  through  their 
diurnal  cycle.  Such  (essentially)  independent 
observations—based  upon  a  validated  theoretical 
model --will  certainly  increase  the  accuracy  of 
the  sea  state  deductions  possible  with  an  opera- 
tional system. 
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Abstract 

A  model  of  a  distributed  target  as  a  collection  of  indepen- 
dent. Poisson  distributed  point  scatterers  or  scattering 
centers  in  a  range-velocity  target  space  is  introduced  and  is 
characterized  by  a  deterministic  function  called  the  "scat- 
terer  density  function."  This  function  is  the  density  of  the 
point  scatterers  in  the  range- velocity  space  and  can  be  esti- 
mated in  a  relatively  straightforward  manner  by  any  radar 
having  adequate  resolution  in  both  range  and  velocity  and 
no  ambiguities  in  the  region  occupied  by  the  distributed 
target.  The  use  of  the  random  signal  radar  with  a  correlator 
receiver  is  considered  here  and  the  statistical  properties  of 
the  correlator  output,  when  the  return  signal  is  from  a  dis- 
tributed target,  are  derived.  It  is  shown  that  the  spectral 
density  is  simply  related  to  the  scatterer  density  function. 
The  technique  is  illustrated  by  an  example  in  which  the 
target  is  a  tornado  modeled  as  a  cylinder  with  constant 
angular  velocity.  The  example  suggests  that  is  a  possible  to 
remotely  estimate  the  radar  cross  section  per  unit  volume 
as  a  function  of  distance  from  the  center  of  the  tornado. 
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I.  Introduction 

Four  important  properties  of  any  radar  target  are 
range,  velocity,  azimuth  angle,  and  elevation  (or  depres- 
sion) angle.  The  target  can  be  considered  as  a  point 
scatterer  or  collection  of  point  scatterers  in  this  four- 
dimensional  space.  If  the  radar  can  resolve  each  scat- 
tering point  from  all  nearby  scatterers  in  any  of  the  four 
dimensions,  the  target  is  said  to  be  "discrete."  If,  however, 
the  radar  cannot  resolve  any  scattering  point  from  nearby 
scatterers  in  any  dimension  of  the  space,  it  is  a  "distri- 
buted" target.  There  are  also  mixed  targets  which  have  a 
discrete  component  and  a  distributed  component,  and 
this  is  the  situation  that  most  often  occurs. 

The  class  of  distributed  targets  can  be  further  subdi- 
vided according  to  scatterer  motion.  If  there  is  no  relative 
motion  between  the  scatterers  that  make  up  the  distri- 
buted target,  it  is  a  rigid  target.  If  the  scatterers  have 
relative  motion,  the  target  is  nonrigid.  Again,  there  are 
also  targets  that  have  both  a  rigid  component  and  a  non- 
rigid  component. 

The  main  concern  here  is  the  study  of  nonrigid,  dis- 
tributed targets  in  a  two-dimensional  target  space.  The 
two  dimensions  are  range  and  velocity;  all  scattering 
points  of  interest  are  assumed  to  be  in  the  antenna  beam 
at  the  same  time. 

An  appropriate  waveform  selection  criteria  for  the 
study  of  distributed  targets  is  based  on  the  ambiguity 
function  of  the  waveform.  Since  the  distributed  target 
will  fill  a  large  portion  of  the  target  space,  the  ambiguity 
function  should  have  only  one  main  peak.  Also,  since  the 
objective  is  to  determine  how  the  target  is  distributed  in 
the  range-velocity  target  space,  the  main  peak  of  the  am- 
biguity function  should  be  narrow  in  both  dimensions. 
These  two  requirements  imply  that  the  ambiguity  func- 
tion should  be  a  "thumbtack"  ambiguity  function. 
Cooper  and  Purdy  [5]  have  derived  the  ambiguity  func- 
tion of  a  nondeterministic  or  stochastic  signal.  They  show 
that  this  ambiguity  function  has  a  narrow  central  peak 
and  a  low,  broad  pedestal.  Thus,  a  random  waveform 
should  be  a  good  choice  to  study  distributed  targets. 
The  theory  and  application  of  the  random  signal  radar 
have  been  documented  elsewhere  [3]- [5],  [7]  and  will 
not  be  repeated  here.  The  unique  feature  of  this  type  of 
radar  is  that  the  transmitted  signal  is  a  purely  random, 
nondeterministic  signal  having  a  known  correlation 
function.  In  practice,  this  signal  may  be  derived  from  the 
shot  noise  of  a  traveling  wave  tube.  Also,  the  signal  may 
be  pulsed,  as  described  in  [9],  in  order  to  use  the  same 
antenna  to  transmit  and  receive.  However,  for  conven- 
ience in  this  analytical  study,  the  transmitted  signal  is 
assumed  to  be  stationary,  wide-band,  Gaussian  noise.  If 
there  is  a  single  point  target  at  range  r  at  the  time  i  =  0, 
moving  with  constant  radial  velocity  v,  then  the  time 
delay  t  corresponding  to  range  r,  and  the  delay  rate  a, 
associated  with  a  signal  returned  from  this  target,  are 
given  by 
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Fig.  1 .      Block  diagram  of  the  random-signal  radar. 
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where  c  is  the  velocity  of  electromagnetic  propagation. 
If  the  transmitted  signal  is  designated  as  x(t),  the  received 
signal  from  the  single  point  target  isa(r)x[(l  +  a)t  —  z], 
where  the  attenuation  coefficient  a(x)  is  real  and  between 
zero  and  one.  This  received  signal  plus  receiver  noise  is 
cross  correlated  with  a  suitable  reference  signal,  as  shown 
in  Fig.  1.  The  correlator  output  z(()  may  be  considered  to 
be  the  sum  of  its  expected  value  and  zero  mean  noise.The 
expected  value  of  z(i),  which  is  the  desired  correlator 
output,  is 

E{z(t))  =  £    {  a(t)x[(l  +  <x)t  -  t]  +  n(t) 

•x[(l  +  ar)r  -  tr]| 
or,  since  n(t)  is  zero  mean  and  independent  of  x((), 

£{z(/)}  =^j/?x[(ar-a)t-(T,-T)]. 

Since  this  is  the  autocorrelation  function  of  a  bandpass 
random  process,  it  can  be  written  in  terms  of  a  slowly 
varying  envelope  and  a  center  frequency  as 

E{z(t)}  =  ^r)  £.[(«,  -  a)(  -  (t,  -  r)] 

•coscoc[(ar  —  a)i  —  (t,  —  t)].     (1) 

A  sketch  of  (1)  is  shown  in  Fig.  2.  The  radian  frequency  of 
the  output  is 

a>  =  u>c(ar  —  a) 
and  the  time  at  which  the  peak  occurs  is 


<xr  —  a 


e[km] 


K'1 


-  w*i»c(ar  -o) 


Fig.  2.     Expected  correlator  output. 


It  is  clear  that  the  ability  to  resolve  targets  that  are 
slightly  separated  in  velocity  depends  on  the  bandwidth 
of  the  bandpass  filter  that  follows  the  multiplier.  Filters 
with  narrower  bandwidths  will  result  in  better  velocity 
resolution.  Also,  the  ability  to  resolve  targets  that  are 
slightly  separated  in  range  depends  on  the  width  of  the 
correlation  function  shown  in  Fig.  2.  This  width  is  in- 
versely proportional  to  the  bandwidth  of  the  transmitted 
signal.  The  important  thing  is  that  the  bandwidth  of  the 
transmitted  signal  and  the  bandwidth  of  the  filter  can  be 
controlled  independently.  Thus,  it  is  possible  to  simul- 
taneously control  the  resolution  in  both  range  and 
velocity. 

Another  advantage  of  the  random  signal  radar  is  that 
the  signal  is  not  periodic  and,  hence,  there  are  no  range 
ambiguities.  The  problem  of  ambiguous  returns  is  a  se- 
vere limitation  on  the  use  of  pulse-Doppler  radars  to 
study  widely  distributed  targets.  The  problem  is  due  to 
the  fact  that  the  maximum  unambiguous  range  and 
maximum  unambiguous  velocity  are  inversely  related; 
in  fact,  their  product  is  a  constant.  There  is  no  such  limi- 
tation for  the  random  signal  radar ;  since  it  has  no  range 
ambiguities,  it  can  usually  be  operated  in  a  mode  that 
places  the  velocity  ambiguities  outside  the  region  of 
interest. 

The  random  signal  radar  receiver  and  correlator  can 
be  realized  as  a  digital  system  [4],  [7].  There  are  no 
severe  limitations  on  the  bandwidth  or  center  frequency 
of  the  transmitted  signal.  Thus,  the  technique  can  also  be 
employed  with  an  acoustical  or  optical  system. 

II.  Model  of  a  Distributed  Random  Target 

A  random  target  is  one  that  is  a  member  of  a  target 
ensemble,  each  member  of  the  ensemble  being  equally 
likely  to  occur.  The  target  is  assumed  to  be  a  collection  of 
scattering  centers  or  point  scatterers,  and  the  randomness 
of  the  target  comes  about  because  the  number  of  point 
scatterers  and  their  exact  location  in  two-dimensional 
target  space  changes  from  one  member  of  the  ensemble 
to  another.  Also,  the  attenuation  coefficients  for  each 
scatterer  are  random  variables. 

It  is  unlikely  that  a  radar  can  determine  the  number  of 
scatterers,  along  with  the  range  and  velocity  of  each,  when 
this  number  is  large.  Even  if  this  could  be  done,  it  would 
be  of  little  value  because  only  one  member  of  the  ensem- 
bel  has  been  observed.  Hence,  rather  than  attempt  to 
measure  characteristics  of  one  member  of  the  ensemble, 
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it  seems  more  reasonable  to  measure  something  that  is 
characteristic  of  the  whole  ensemble. 

Let  AtAb  denote  a  small  area,  smaller  than  a  resolution 
cell,  of  the  two-dimensional  target  space  located  around 
the  T,a  point.  This  notation  indicates  not  only  the  size  of 
the  small  area,  but  also  its  location.  Let  N\AxA<x  be  a 
random  variable  that  is  equal  to  the  number  of  scatterers 
in  the  area  At  Aa.  The  scatterer  density  function  is  defined 
as, 

£[/V|AtA« 


p(a,r)  = 


ArAa 


(2) 


and  is  a  deterministic,  nonrandom  function  that  char- 
acterizes how  the  target  is  distributed  in  range-velocity 
space.  The  central  problem  considered  here  is  how  to 
estimate  p(a,t)  from  the  return  radar  signal. 

There  are  two  assumptions  that  must  be  made.  First, 
the  point  scatterers  are  assumed  to  follow  a  Poisson 
distribution  in  the  target  space;  i.e.,  in  any  small  area 
ArAa,  the  number  of  point  scatterers  /V|AiAa  is  a  ran- 
dom variable  that  is  Poisson  distributed  [8,  p.  378].  The 
second  assumption  is  that  the  returns  from  the  individual 
scatterers  are  independent  of  each  other:  i.e.,  the  total 
power  is  the  sum  of  the  individual  powers.  This  means 
that  one  (or  both)  of  the  following  two  conditions  must 
be  met.  First,  any  two  scatterers  may  be  further  apart 
(in  range)  than  the  correlation  distance  of  the  radar  signal, 
and /or  second,  the  scatterers  are  not  fastened  together. 
Close  scatterers  that  have  relative  motion,  such  as  rain- 
drops, can  still  be  independent.  The  assumption  of  inde- 
pendence is  quite  realistic  for  the  types  of  targets  con- 
sidered here. 


III.  Description  of  Correlator  Output 

As  shown  in  Section  I,  a  single  scatterer  at  T,a  in  the 
target  space  causes  a  signal  at  the  correlator  output  given 
by 


U(t)  =  0(T)X[(1    +   K)l   -   T]  X[(l    +   Bp)»   -   tr] 


(3) 


where  a(x)  is  a  random  attenuation  coefficient  and  is 
dependent  upon  range.  Define  A.(r)  as  the  component  in 
the  correlator  output  due  to  N  scatterers  in  AtAa.  Thus, 
Aj(f)  will  be  a  sum  of  N  terms,  each  having  the  form  of  (3). 
There  is  also  a  component  at  the  correlator  output  due  to 
receiver  noise.  This  component  is  given  by 

zjf)  =  n(t)x[(\  +  <xr)t  -  tJ.  (4) 

Hence,  the  total  output  of  the  correlator  is  given  by 


where 


z(t)  =  y(l)  +  z„(f) 


m  =  XA=o 


(5) 


and  the  summation  is  over  all  the  small  At  Aa  areas. 

Using  the  assumptions  made  above  and  the  approach 
in  either  [2]  or  [8],  the  nth-order  characteristic  function 
of  y(/)can  be  shown  to  be 


F,p 


J„]  =  exp 


p(a.T) 


,   exphVw,t/(/,M  -  I 


dxdn 


(6) 


where  £,,„[]  denotes  an  expectation  over  the  transmit- 
ted signal  and  the  attenuation  coefficients.  This  jith-order 
characteristic  function  is  a  complete  statistical  descrip- 
tion of  the  signal  component  of  the  correlator  output. 
Any  of  the  moments  of  the  correlator  output  can  be 
found  by  using  this  characteristic  function. 
The  correlator  output  is  given  by  (5)  as 

z(()  =  y(i)  +  z„U) 

where  the  nth-order  characteristic  function  of  y(t)  is 
given  by  (6)  and  ;„(/)  is  given  by  (4).  The  expected  value  of 
z(t)  is  the  sum  of  the  expected  values  of  y{t)  and  z„{t),  and 
since  the  receiver  noise  is  independent  of  the  transmitted 
signal  and  both  are  zero  mean,  the  expected  value  of 
z„{t)  is  zero.  The  expected  value  of  v(f)  can  be  found  by 
differentiating  the  first-order  characteristic  function  of 
y{t),  which  leads  to 

£|>(')]  =  JJp(a,T)  EXiO[«(0]  drda 

where  u(t)  is  given  by  (3).  The  expected  value  of  the  pro- 
duct of  reference  and  received  signals  is  just  the  autocor- 
relation function  of  the  transmitted  signal.  Therefore, 

E[z(D]  =  J.fp(«,T)alrTRJ[[(ar  -  a)f  -  (t,  -  x)]drd<x 

where  o(t)  indicates  the  mean  attenuation  coefficient  at 
delay  t.  It  can  be  seen  easily  from  (2)  that,  for  a  determin 
istic  point  target  at  a0,T0,  the  scatterer  density  function  is 
given  by  an  impulse 

p(a,T)  =  (5(a  -  «0,t  -  t0). 

Hence,  for  a  deterministic  point  target,  the  expected  out- 
put of  the  correlator  is 

£[;(()]  =  aJT0)Rxl(ar  -  a0)»  -  (tr  -  t0)] 

which  is  the  same  output  as  derived  in  Section  I. 

It  is  important  to  note  thai  if  p(a,T)  is  a  slowly  varying 
function  compared  to  Rx[(*r  -  n0)t  -  (tp  -  t0)],  the 
expected  output  (as  a  function  of  time)  is  zero  at  any  time. 
In  the  usual  mode  of  operation,  Rx[ •]  is  a  bandpass  func- 
tion, as  in  Fig.  2,  and,  hence,  the  expected  value  of  the 
output  is  zero.  This  implies  that  first-order  statistics  are 
of  little  value  when  dealing  with  random  distributed 
targets. 

The  next  step  is  to  find  the  autocorrelation  function  of 
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the  correlator  output.  Since  the  receiver  noise  is  zero 
mean  and  independent  of  the  transmitted  signal,  the 
autocorrelation  of  z(t)  is  given  by 


EOCiMti)] 


=}} 


P(a,r) 


RI(I1,»2)=  Ky(f,,»2)  +  RI.(f„/2) 


(7) 


At  this  point,  it  is  convenient  to  assume  that  the  trans- 
mitted signal  and  the  receiver  noise  are  Gaussian  random 
processes.  Then,  using  the  fourth  product  moment,  and 
noting  that  a,  <^  1, 

Rz.Uuh)  =  «xd  -  h)RnUl  ~  h). 

The  autocorrelation  function  of  y(t)  can  be  found  by 
differentiation  of  the  second-order  characteristic  func- 
tion. Performing  the  differentiations  and  assuming  that 
p(a,r)  is  slowly  varying, 

BOOiM'a)]  =  JJp(ot,T)£,,.[u(t,)H(»2)]dtda.    (8) 
Use  of  (3)  and  the  fourth  product  moment  gives 
E,..[«('i)«('2)]  =  ?MK,[(1  +  «,)(»!  -  ':)] 


■\a2(x)Rx[(\  +  «,)(/,  -  i2)]Rx\_(l  +  «)(/,  -  t2)] 

+  ^^[(o,  -  a)/,  -  (rr  -  t)] 
•Rx{(ctr  -  a)/2  -  (t,  -  t)]  }  dxda. 

Noting  that  a,  <\,  and  that  a  4  1  over  the  significant 
region  of  the  integral,  and  using  (7),  gives 

Rt[tl,t2]  =  JJptaHa^JY,  -  h]Rx[t1  -  f2] 
+  ?ftj*x[(«,  -  «)'i  -  (t,  -  r)] 
•«x[(ar  -  of)»2  -  (*r  -  t)]    dxda 
+  R*lh  ~  '2]R»['i  -  *«]■ 


The  received  power  from  ranges  other  than  the  range  of 
Rx[(\  +  a)(f,  -  f2)]      interest  (uncorrelated  clutter  power)  is  approximately 
given  by 


+  a2(x)Rx[(ar  -  a)f,  -  (tr  -  t)] 

«x[(«r  -  «)l2  -  (t,  -  t)] 

+  ^)Rx[(l  +  «,)U  -  (1  +  «)i2  -  (tr  -  T)] 

«,[d    +  *r)h  -  (1    +  «)'l    -  (t,  -  T)] 

where  a2(r)  indicates  the  mean-square  value  of  the  atten- 
uation coefficient.  This  mean-square  value  is  a  function 
of  delay.  Substitution  of  this  equation  into  (8)  yields  three 
integrals.  Considering  the  third  integral  first,  writing  the 
correlation  functions  as  in  (1)  and  combining  the  cosine 
terms  gives 

•Rc[(l  +  «,)»,  -(1  +a)j2  -(v-  t)] 
■RC[{1  +  ar)t2  -  (1  +  «)»,  -  (t,  -  t)] 

•{-coso)c[(ar  -  «)(/,  +  t2)  -2(tp-  t)] 


+  -cosa>,.[(2  +  a,  +  a)(f,  -  t2)]\dxda. 


Pc  =  llPTa1(x)p(a.,x)dxd<x 

from  the  definitions  of  a(x)  and  p(a,t),  where  PT  is  the 
transmitted  power.  Therefore,  the  autocorrelation  func- 
tion of  the  correlator  output  is 


+  P±-Rx>[t1-,2] 


+  J  J  a2(t)p(a,T)  Rx[ar  -  «)r,  -  (t,  -  t)] 
R,[(ar  -  «)i2  -  (i,  -  tji]  dido.  (9) 

The  first  term  in  (9)  is  due  to  the  receiver  noise ;  the 
second  term  is  due  to  the  uncorrelated  clutter ;  and  the 
third  term  is  due  to  the  correlated  clutter.  Note  that  even 
though  the  transmitted  signal  is  stationary,  the  com- 
ponent in  the  output  due  to  the  correlated  clutter  is  non- 
stationary,  while  the  other  two  components  are  sta- 
tionary. 

IV.  Spectral  Density  of  Correlator  Output 


The  fact  that  the  correlator  output  can  be  nonstation- 
ary  causes  difficulties  when  attempting  to  evaluate  the 
spectral  density.  If  nothing  is  changing  with  time,  in- 
When  the  first  of  these  two  terms  is  integrated  over  t,  the  eluding  the  reference  delay,  the  correlator  output  can  be 
result  is  essentially  zero,  since  oicx  goes  through  many  considered  stationary.  The  case  where  the  reference 
periods  in  the  width  of  Rc[].  The  second  term  is  a  high-  delay  is  scanning  relatively  slowly  approximates  the 
frequency  term  that  will  be  filtered  out  and  can  be  ne-  situation  where  the  correlator  output  is  stationary.  In 
glected.  Therefore,  the  remaining  terms  of  (8)  become     this  section,  the  spectral  density  of  the  correlator  output 
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is  related  to  the  scatterer  density  function. 

In  Section  III  the  autocorrelation  function  of  the  cor- 
relator output  was  shown  to  be  composed  of  the  three 
terms  in  (9).  Since  two  of  these,  the  receiver  noise  com- 
ponent and  the  uncorrelated  clutter  component,  readily 
combine,  the  spectral  density  of  the  correlator  output  is 
a  combination  of  two  terms  and  may  be  written  as 


S.M  =  S,M  +  S2M. 


(10) 


The  first  term,  S,(co),  is  the  component  due  to  receiver 
noise  and  uncorrelated  clutter,  while  S2{a>)  is  due  to  the 
correlated  clutter. 

The  two  terms  in  (10)  can  be  found  by  taking  Fourier 
transforms  of  the  appropriate  terms  in  (9).  The  com- 
ponent due  to  the  receiver  noise  and  the  uncorrelated 
clutter  is  given  by 

S,M  =  T{R,(r,  -  h)RJh  -  '2) 

+  ^K»(»i  -  h)R,(h  -  '2)} 

where  the  Fourier  transform  is,  with  respect  to  the  time 
difference,  (,  -  ;2.  Evaluation  of  this  transform  gives 


S,(co)=  ^Asxiia)*S,((o)  +  ^SxM*Sx(a>)j(ll) 

where  *  implies  convolution  in  the  frequency  domain. 
Since  x{i)  and  n(i )  are  wide-band  signals,  the  convolution 
operations  in  (II)  will  result  in  wide-band  signals  with 
nonzero  spectral  density  at  w  =  0.  Since  the  signals  of 
interest  are  relatively  low  frequency,  S,(cu)  can  be  as- 
sumed white.  If  the  receiver  noise  is  white  with  spectral 
density  N0  and  the  reference  signal  is  band-limited  white 
noise  with  spectral  density  X0,  and  bandwidth  B(hertz), 
thenS,(0)is 

S1(0)  =  2N0*oB  +  ^2Xo2fl 


or 


S,(0)  =  PTN0  +  PCX0 


(12) 


where  PT  is  the  reference  signal  power  and  is  assumed  to 
be  identical  to  the  transmitted  signal  power,  as  shown  in 
Fig.  1.  The  actual  power  of  the  reference  signal  does  not 
affect  the  signal-to-noise  ratios  in  any  way,  so  this  as- 
sumption is  simply  a  matter  of  convenience. 

Next,  the  spectral  density  of  the  contribution  due  to 
the  correlated  clutter  must  be  determined.  Let  the  auto 
correlation  function  of  this  contribution  be  Kjf^./j]. 
From  (9). 

BaDit'a]  =  Jffl5(T)p(«.T)Rf[(a1.  -  *)l  -  (t,  -  t)] 

■Rc[{2,  -   Bflfj   -  (T,  -   t)] 


cosa»,.[(ar  -  a)f,  -  (r,  -  t)] 

cos  a),.[(o(r  -  <x)t2  -  (r,  -  t)]  dtd*. 

The  cosine  product  can  be  expanded  as  a  sum  of  cosines, 
one  of  which  has  t  in  its  argument.  When  this  is  integrated 
over  t,  the  result  will  be  small  and  can  be  neglected.  The 
second  cosine  term  is  not  a  function  of  t,  and  the  auto- 
correlation function  of  the  correlated  clutter  can  be 
written  as 


*)</, 


'2) 


^['i.^l  =     coso»c(ar 

•Ufl2(tj/»(«,t) 

■«,[(«,  -  a)/,  -  (tr  -  t)] 
•Kc[(ar  -  a)t2  -  (Tr  -  t)]  dzda. 


The  autocorrelation  functions  are  typically  quite  narrow. 
Therefore,  the  t  integral  will  take  on  an  appreciable 
value  only  when  the  two  autocorrelation  functions  are  at 
the  same  point.  Suppose  this  point  is  determined  by  time 
f0 ;  then  the  slowly  varying  scatterer  density  function  can 
be  taken  outside  the  integral  and  evaluated  at  t0  = 
tr  -  arr0.  If  this  approximation  is  made  only  in  the  x 
integral,  the  result  is 


Ka[(i.(a] 


=     2<J2(T0)p(a, 


t0)  cos  toc(ap 


Rc2[(a,  -  a)«0  -  (t,  -  x^dida. 

A  common  definition  of  bandwidth  is 

Pt2 

SRc2(r)dx' 


«)(»,  -  t2) 

(13) 


B  = 


Therefore, 


P  2 
Rc2[(ol,-  a)f0  -  (tf-  t)]«/t  =-|-. 


This  can  then  be  substituted  into  (13): 

p  2  pj 

*a['j.'a]  =  -J"  \^a2{T0)p(<x,T0) 

■coso}c(ar  -  a)(r,  -  t2)d<x.    (14) 

The  spectral  density  of  the  correlated  clutter  can  be 
found  by  taking  the  Fourier  transform  of  ( 14)  with  respect 
tof,  -  1,.  When  this  is  done,  (14)  becomes 


S2(to)  =  -  ^    °\a- 


,T0 


^^"H51*)! ,i5) 
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where  to0  is  a  frequency  offset  (see  [4])  introduced  in  the 
local  oscillator.  For  the  types  of  targets  considered  here, 
the  frequency  offset  can  be  chosen  larger  than  the  largest 
Doppler  frequency,  and  this  results  in  one  of  the  terms  of 
(15)  being  zero,  so  that  the  spectral  density  due  to  corre- 
lated clutter  becomes 


S2M  =  ^-V(T0)p| 


,T0    ■    (16) 


to  —  to0 

tO, 


Hence,  using  (10),  (12),  and  (16),  the  spectral  density  at 
the  output  of  the  correlator  is 

S»  =  PTN0  +  PCX0  +  ^ 
to. 


PTa  (*o)P\  «r  + 


(17) 


Equation  (17)  is  the  two-sided  spectral  density  of  the 
correlator  output.  It  is  convenient  to  express  this  spectral 
density  in  the  one-sided  form  as 


S,(f)  =  2PTN0  +  2PCX0 


^pV(To)pl 


f-fo 


,*o 


(18) 


The  value  of  reference  delay  at  the  "current"  time,  t0,  is 
denoted  by  t0  and  is  equal  to  x,  —  art0. 

It  has  been  tacitly  assumed  that  during  the  time  that  it 
takes  to  find  the  spectral  density  at  the  output  of  the  cor- 
relator, the  signal  can  be  considered  stationary.  This  will 
be  the  case  when  the  reference  delay  rate  is  small. 


V.  Example  of  Tornado  Detection 

One  of  the  most  interesting  and  important  types  of 
distributed  targets  is  that  of  weather  formations.  These 
include  thunderstorms,  tornados,  and  clear  air  turbu- 
lence. There  has  been  a  great  deal  of  work  done  in  the 
study  of  severe  storms  by  radar  [1].  However,  most  of 
this  work  has  been  done  using  pulse  radars  that  give  no 
indication  of  target  velocities,  and  only  recently  has  there 
been  interest  in  using  Doppler  radars  for  the  study  of 
weather  phenomena  [6].  Most  of  the  radars  used  have 
been  pulse-Doppler  radars,  and  these  have  some  disad- 
vantages. In  the  first  place,  the  range  cell  is  equal  to  the 
length  of  the  pulse,  so  it  is  difficult  to  achieve  extremely 
good  resolution  in  range  with  adequate  power  and  velo- 
city resolution.  For  this  reason,  the  fine-scale  structure  of 
meteorological  phenomena  has  been  largely  uninvesti- 
gated. Second,  as  pointed  out  in  Section  I,  the  problem  of 
ambiguous  returns  is  a  severe  limitation  of  the  use  of 
pulse-Doppler  radars  to  study  widely  distributed  targets. 
Since  the  random  signal  radar  has  no  range  ambiguities, 
it  is  usually  possible  to  operate  with  a  pulse  rate  such  that 
the  ambiguous  returns  in  Doppler  are  of  no  concern.  This 
property  means  that  the  random  signal  radar  can  mea- 


( Radar    Location) 


Fig.  3.     Tornado  geometry. 


sure  very  wide  Doppler  spectra.  Pulse-Doppler  radars 
would  encounter  range  ambiguities  in  making  the  same 
measurement. 

Consider  a  tornado  to  be  a  mass  of  air  and  scatterers 
turning  with  an  angular  velocity  SI.  This  is  an  adequate 
model  if  the  region  where  there  is  wind  shear  has  small 
radar  cross  section.  Let  (r,  0)  be  polar  coordinates  and 
(x,y)  be  Cartesian  coordinates,  both  centered  at  the  center 
of  the  tornado,  as  shown  in  Fig.  3.  Let  r\(r)  be  the  radar 
cross  section  per  unit  volume  of  the  tornado.  Assume 
that  the  radar  is  located  on  the  positive  y  axis,  at  y  =  y0, 
and  that  >>0  is  such  that  the  tornado  is  in  the  far  field  of  the 
antenna.  Also,  assume  that  all  parts  of  the  tornado  are 
illuminated  equally.  Denote  the  tangential  velocity  of 
any  point  in  the  tornado  by  V .  Thus,  V  cos  6  is  the  Dop- 
pler producing  velocity  of  this  point.  Denote  this  Doppler 
producing  component  by  Vf.  Thus, 


and 


rQcos 

6  =  xSl 

2Vf  _ 

2xSl 

c 

c 

(19) 


(20) 


Since  the  tornado  is  in  the  far  field  of  the  antenna,  time 
delay  is  related  only  to  the  y  variable.  The  time  delay  for 
any  point  is  given  by 


2Co  -  y) 


(21) 


Equations  (20)  and  (21)  will  be  used  to  determine  the 
relationship  between  the  scatterer  density  function  and 
the  radar  cross  section  per  unit  volume  by  examining  the 
output  spectral  density. 

Let  Sxdy  be  a  small  area  in  the  x,y  plane,  and  let  5rda 
be  a  small  area  in  the  t,o  plane.  These  relations  follow 
from  (20)  and  (21): 
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Let  P,  be  the  power  returned  from  the  volume  that  has 
dx8y  as  a  base  and  a  height  H,  the  height  of  the  tornado. 
The  radar  equation  gives  (for  the  transmitter  power  of  PT) 


p*=i4X!-Hy)'n(<x2  +  yl)*x*y 


(23) 


where  G  is  the  one-way  antenna  power  gain.  Note  that 
since  the  tornado  is  in  the  far  field  of  the  antenna,  y0  >  y 
for  any  y  in  the  tornado.  Equation  (23)  can  be  converted 
into  the  power  returned  from  a  small  area  of  the  t,a  plane 
by  using  (22).  Thus, 


P:  = 


PTG2k2H 

(4n)3y0* 


(liM-f) 


4Q 


Sadr. 


This  same  power  can  be  written  using  the  scatterer  den- 
sity function,  and  is 


pl  =  PTa2(x)p(a,T)SoLdx. 


Therefore, 


a2(t)p(o,T)  - 


G2k2c2H 


4(4ir)Vo40 


(j(lH"-f| 


If  r  is  adjusted  so  that  the  range  cell  is  in  the  center  of  the 
tornado,  i.e.,  t  =  2>>0/c  =  r0,then 


a'MToMa.To)  = 


G2k2c2H 

4(4n)3y04n 


The  spectral  density  of  the  correlator  output  is  obtained 
by  substituting  (24)  into  ( 1 8). 
If  there  is  no  range  sweep,  i.e.,  if  a,  =  0,  then 


Sz(f)  =  2PTN0  +  2PrX0 


G2PcHX0 

+     T4(4;t)3Vo4n''U 


(#-4 


This  spectral  density  can  then  be  estimated  with  a  bank 
of  filters  or  with  a  spectrum  analyzer.  This  would  not 
only  aid  in  detecting  these  types  of  targets,  but  would  also 
allow  their  structure  to  be  studied  and  more  clearly 
understood. 

An  example  relating  the  scatterer  density  function  to 
conventional  radar  terms  when  the  velocity  information 
is  not  desired  is  given  in  [3]. 


TABLE  1 

Tornado  Parameters 

Parameters 

Value 

average  transmitted  power 

I03  watts 

bandwidth 

15  MHz 

wavelength 

3  cm 

effective  noise  temperature 

2000   K 

vertical  beamwidth 

0.1  rad 

horizontal  beamwidth 

0.05  rad 

TABLE  II 

Radar  Parameters 


Parameters 

Value 

radar  cross  section 

per  unit  volume 

10-7m"' 

radius  of  tornado 

100  meter 

angular  velocity 

of  tornado 

1  rad /sec 

range  to  tornado 

20  km 

height  of  tornado 

1  km 

Assume  that  an  isolated  tornado  has  a  constant  radar 
cross  section  per  unit  volume  extending  over  a  radius 
r0.  Assume,  further,  that  the  tornado  has  parameters  as 
given  in  Table  I.  Also,  assume  that  the  radar  has  para- 
meters as  given  in  Table  II. 

The  spectral  density  of  the  correlator  output  can  be 
estimated  with  a  bank  of  14  bandpass  filters,  each  with  a 
bandwidth  of  1000  Hz.  Each  bandpass  filter  is  followed 
by  a  square-law  envelope  detector,  which,  in  turn,  is 
followed  by  a  low-pass  filter  with  a  10-Hz  bandwidth.  The 
signal-to-noise  ratio  at  the  output  of  each  branch,  for  the 
parameters  in  Tables  I  and  1 1,  is  1 32  or  2 1  dB. 


(24)     VI.  Conclusions 


It  appears  feasible  to  measure  the  attenuation  coeffi- 
cient-scatterer  density  function  product,  a2(t)  p(a,t), 
with  the  random  signal  radar.  A  possible  application  of 
this  technique  to  the  detection  of  tornados  has  been  dis- 
cussed. There  are  numerous  other  meteorological  appli- 
cations, including  precipitation  studies  and  clear  air 
turbulence  (CAT)  detection.  The  detection  of  hazardous 
CAT  with  a  random  signal  radar  mounted  onboard  the 
aircraft  is  particularly  attractive  since  there  would  be  no 
mutual  interference  with  similar  radars  onboard  other 
aircraft. 

Another  possible  application  is  a  high  resolution  radar 
study  of  the  sea  surface.  It  is  well  known  that  sea  return 
for  a  vertically  downward  pointing  radar  is  mainly  due  to 
specular  points  on  the  surface.  Information  on  how  these 
points  are  distributed  in  range  and  velocity,  i.e.,  the  scat- 
terer density  function,  would  be  immensely  valuable  to 
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oceanographers.The  high  resolution  attainable  (20  cm  or 
less)  would  allow  an  accurate  and  direct  measurement  of 
wave  height  (see  [3] ). 

The  technique  outlined  here  might  also  be  useful  in 
certain  situations  in  the  atmosphere.  This  could  aid  in  an 
understanding  of  the  motion  of  such  pollutants,  as  well 
as  serve  as  a  particulate  density  monitor. 
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CORRECTION  OF  ELECTRICAL  PATH  LENGTH  BY 
PASSIVE  MICROWAVE  RADIOMETRY 


M.T.  Decker,  F.O.  Guiraud  and  E.R.  Westvater 


INTRODUCTION 

Sophisticated  missile  and  space  tracking  systems  require  accurate 
methods  of  correcting  for  the  atmospheric  contribution  to  electrical  path 
length  along  slant  paths  through  the  atmosphere.   Similar  problems  arise  in 
correcting  for  atmosphere-induced  differential  time  delays  in  radio  astro- 
nomical observations  using  long-baseline  interferometry.   Currently  used 
correction  techniques  depend  on  limited  meteorological  information  from 
surface  or  radiosonde  observations ,  and  generally  require  the  assumption  of 
horizontal  stratification  of  atmospheric  variables.  This  paper  describes  an 
experimental  evaluation  of  a  technique  for  determining  the  highly  variable 
wet  component  of  integrated  refractivity  by  passive  emission  measurements 
near  the  22.235  GHz  water  vapor  absorption  line.  This  technique  determines 
the  most  variable  component  of  the  required  correction  and,  since  the  meas- 
urement can  be  made  in  any  desired  direction,  does  not  require  an  assumption 
of  atmospheric  stratification. 

The  radiometric  technique  for  obtaining  the  wet  component  of  range 
correction  has  been  described  by  Menius,  et  al.  (196U)  and  Westwater  (1967). 
These  authors  show  that  the  total  absorption  of  atmospheric  water  vapor  near 
the  22.235  GHz  absorption  line  can  be  directly  related  to  the  integral  of  the 
wet  component  of  refractivity,  and  the  absorption  can  be  determined  from 
passive  observations  of  thermal  emission  at  that  frequency. 

Because  of  atmospheric  refraction,  a  tracking  system  observes  an 
apparent  range  equal  to  J^s   nds,  where  n  is  the  refractive  index  of  the 
atmosphere,  ds  is  an  increment  of  path  length,  and  the  integration  extends 
from  the  observer  to  the  tracked  object.  Neglecting  bending,  the  range  error 
is  then  J"  (n-l)  ds  =  10~6  ./"Nds,  where  N  is  refractivity  as  usually  defined 
(N  E  (n-l)  10  ).  The  refractivity  may  be  separated  into  a  dry  (and  predict- 
able) component  and  a  highly  variable  wet  component  resulting  in  a  residual 
refraction  correction  that  depends  mainly  on  the  water  vapor  term,  yNyds. 
In  general  there  is  no  simple  relation  between  this  term  and  the  wet 
component  of  integrated  absorption,  ./"a yds,  where  aw  is  the  water  vapor 
absorption  coefficient.   However,  it  is  possible  to  find  a  frequency  near 
the  water  vapor  absorption  line  where  the  two  integrals  are  very  nearly 
proportional  over  the  range  of  temperature,  pressure,  and  water  vapor  density 
normally  encountered  in  the  troposphere,  and  we  can  write 


/o°°  awds  =  g(vj)  fQ       Nvds    ,  (1) 


where  Vi  is  an  optimum  frequency  and  g(vi)  is  the  known  constant  of 
proportionality.   On  the  basis  of  Westwater' s  (1967)  analysis  we  have  chosen 
20.6  GHz  for  our  experiments.  The  total  integrated  absorption  J" a  ds  can  be 
accurately  determined  from  sky  brightness  measurements.  The  radiative 
transfer  equation  is  written 

e<*>   „    - /*  s  ads'  ,  . 

T.   =  f   T  a  e  •'o        ds    ,  (2) 

b    Jo 
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where  T^,  is  the  sky  brightness  temperature  and  T  is  the  temperature  of 
the  medium.  A  "mean  radiating  temperature,"   Tm,  can  be  estimated  for  T, 
and  the  integration  in  (2)  performed  to  give 


a  ds  =  -An  I  1  -  —  I 


(3) 


The  total  integrated  absorption  at  20.6  GHz  consists  of  a  small  dry 
component  Td,  and  a  larger  more  variable  wet  component.  An  estimate  of 
T.3  is  subtracted  from  (3)  which  is  then  combined  with  (l)  to  give 


Jo"*—ikt    [-*"  (x-£)-Ta] 


no 


This  is  the  basic  equation  used  to  convert  radiometric  observations  of  T^ 
to  range  correction  ,/*Nvds.  The  quantities  g(vi),  Tm  and  T^  are  determined 
from  climatological  and  surface  meteorological  data. 

The  objective  of  the  experimental  program  was  to  verify  the  relation- 
ship between  f  Nyds  and  Tb  as  predicted  by  (U).  The  first  method  is  to 
measure  independently  the  fluctuations  of  the  two  sides  of  (U)  and  to 
compute  the  correlation  between  them.  This  method  does  not  require  an 
absolute  measure  of  ./"l^ds,  obviates  the  need  for  estimation  of  g(vi),  and 
greatly  reduces  the  accuracy  requirements  on  the  other  quantities  on  the 
right  hand  side  of  (U).   Second,  in  one  of  the  experimental  periods  an 
attempt  was  made  to  measure  the  absolute  values  of  the  quantities  in  (k) 
as  a  function  of  time. 

INSTRUMENTATION  AND  OBSERVATION 

Experiments  of  two-week  duration  were  conducted  in  1968  and  1971 »  and 
three  general  categories  of  measurements  were  made.  These  are  phase  of 
arrival  of  signals  propagated  over  a  fixed  path,  thermal  radiation  from 
the  atmosphere  at  20.6  GHz,  and  various  surface  and  airborne  meterological 
measurements . 

The  fluctuations  of  f  Nds  are  measured  by  observing  the  variations  in 
phase  of  a  microwave  (10  GHz)  signal  propagated  over  a  fixed  test  path. 
This  test  path  is  chosen  so  that  the  upper  terminal  is  above  as  much  of  the 
atmospheric  water  vapor  as  possible,  and  hence  a  sea  level-to-mountain  top 
path  in  the  Hawaiian  Islands  was  used.  The  61+-km  path  extends  from  a  height 
of  30  m  above  sea  level  at  Upolu  Point  at  the  northern  tip  of  the  island  of 
Hawaii  to  the  top  of  the  mountain  Haleakala  on  the  island  of  Maui  at  an 
altitude  of  30U8  m,  resulting  in  an  elevation  angle  of  2.1*9°  as  seen  from 
Upolu  Point.  The  path  is  almost  completely  over  water  and  the  steep  slope 
of  Haleakala  provides  a  path  with  no  obstructions.  In  general,  approximately 
90  percent  of  the  atmospheric  water  vapor  was  below  the  mountain  top. 

During  the  1971  period  a  series  of  path  length  measurements  were  made 
using  the  optical  spectrum  where  the  effect  of  water  vapor  on  apparent  path 
length  is  quite  small.  This,  together  with  simultaneous  measurements  of 
temperature  by  aircraft  flights  along  the  path,  allowed  an  independent 
measure  of  the  geometric  path  length.  The  fixed  geometric  path  length  to- 
gether with  the  measured  electrical  path  length  at  the  microwave  frequency 
then  gives  an  absolute  value  of  X  Nds  to  be  used  in  comparison  with  the 
radiometrically  derived  values. 

Thermal  radiation  from  the  atmosphere  (in  terms  of  sky  brightness 
temperature  TO  was  measured  with  a  Dicke  radiometer  and  a  1.2-m  aperature 
antenna  located  at  Upolu  Point  (Guiraud,  et  al. ,  1971).   It  was  not  possible 
to  direct  the  antenna  along  the  same  path  used  for  phase  measurements  since 
thermal  radiation  from  the  mountain  itself  would  influence  the  results. 
The  antenna  was  pointed  in  a  fixed  direction  for  most  of  the  recording 
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Fig.  1.   Comparison  of  integrated  wet  refractivity  derived  from  path  length 
measurements  (dots)  and  from  radiometric  measurements  (solid  cuinre). 


period,  with  short  interruptions  for  observation  of  sky  brightness  as  a 
function  of  elevation  angle.   In  the  1968  experiment  the  antenna  was  pointed 
at  an  elevation  angle  of  7.5°  where  the  greatest  variation  of  T^  normally 
occurs ,  and  at  an  azimuth  15°  west  of  the  bearing  to  Haleakala  in  order  to 
minimize  the  influence  of  clouds.  This  pointing  direction  was  changed  in 
the  1971  experiment  to  an  elevation  angle  of  3.3°  on  the  bearing  to 
Haleakala.  Details  of  the  radiometric  instrumentation  and  the  conversion  of 
a  power  measurement  at  the  antenna  input  terminals  to  the  sky  brightness 
temperature  are  given  by  Guiraud,  et  al. ,  (1971 )• 

Meteorological  data  consisted  of  surface  temperature ,  pressure,  and 
humidity  measurements ,  radiosonde  releases,  and  time-lapse  photographs  and 
operator  comments  on  cloud  and  weather  conditions.  Radiosondes  were 
released  at  3-hour  intervals  in  the  1968  period,  while  in  1971  the  releases 
were  on  an  irregular  schedule  of  approximately  3  per  day.   Meteorological 
data  were  used  primarily  for  determination  of  constants  required  in  (k) ,  and 
in  the  conversion  to  brightness  temperature  mentioned  above. 

RESULTS  AMD  CONCLUSIONS 

An  example  of  the  comparison  of  the  absolute  values  of  the  integrated 
wet  refractivity  derived  from  path  length  measurements  and  from  radiometric 
measurements  is  shown  in  Figure  1,  where  data  from  the  first  four  days  of 
the  1971  recording  period  are  shown.   As  mentioned  earlier,  the  integrated 
refractivity  f   Nds  is  taken  to  be  the  difference  between  the  electrical 
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All 

data 

Correlation 

Number 

of  points 

0.70 

5U6 

0.86 

12Ul 

Table  1.   Cross  correlation  between  microwave  range  fluctuations  and  sky- 
brightness  temperature  during  two-week  recording  periods  in  1968  and  1971. 

Year     Clear  and  nearly  clear  skies 

Correlation       Number 
of  points 

1968        0.76  337 

1971        0.90  5^7 


path  length  measured  at  microwave  frequencies  and  the  geometrical  path  length. 
The  dry  component  of  this  integral  is  estimated  from  meteorological  data  and 
the  remainder  is  assumed  to  be  the  contribution  of  water  vapor.  This  quantity 
is  plotted  as  the  dotted  curve  in  Figure  1.  The  solid  curve  is  derived  from 
the  sky  brightness  T^  using  (1+) .   In  this  equation  a  constant  value  of 
g(vi)  derived  from  radiosonde  data  is  used  for  the  entire  recording  period. 
The  values  for  mean  radiating  temperature  Tm,  and  total  dry  absorption  t^ 
are  derived  from  surface  meteorological  data  taken  at  the  time  of  range  and 
radiometric  measurements.  Two  adjustments  must  be  made  to  the  data  to  allow 
a  direct  comparison  with  the  path-length  measurements.  First,  an  adjustment 
for  the  difference  in  elevation  angle  is  made  by  using  the  geometry  of  a 
curved  earth  and  the  average  bending  of  radio  rays  at  the  appropriate 
elevation  angles.   Second,  since  the  radiometer  observes  the  line  integral 
of  water  vapor  through  the  entire  atmosphere,  the  integral  derived  from  (k) 
is  reduced  by  the  average  fraction  of  total  water  vapor  below  the  30l+8-m 
level  as  indicated  by  radiosonde  data.  All  available  data  are  plotted 
including  periods  during  which  clouds  were  present.  The  effect  of  clouds 
on  the  radiometric  data  can  be  seen  clearly  at  about  2200  hours  on  27  August 
1971.  For  the  entire  two-week  period,  the  means  of  the  two  curves  differ  by 
12. k   cm,  with  nearly  equal  standard  deviations  of  1+6.9  and  1+9. 8  cm  for  the 
dotted  and  solid  curves  respectively.  While  an  error  analysis  is  not 
presented  here,  the  difference  of  means  is  well  within  the  expected  range, 
and  shows  that  the  path  length  as  measured  by  the  microwave  and  optical 
techniques  differs  by  less  than  2  parts  per  million. 

Correlation  coefficients  were  computed  for  variations  in  microwave 
range  and  corresponding  sky  brightness  temperatures  at  the  fixed  pointing 
direction  over  each  of  the  two  recording  periods.  These  results  are 
summarized  in  Table  1.  Pairs  of  points  are  taken  at  30-minute  intervals  in 
the  1968  data  and  at  10-minute  intervals  in  1971.   In  each  case  the 
correlations  are  computed  for  all  data  and  for  the  subset  for  which  the 
operator  classified  the  sky  as  clear  or  nearly  clear.   In  addition, 
correlations  were  computed  for  the  individual  days  of  the  recording  period 
and  these  ranged  from  -0.2H  to  0.93  in  1968  and  from  0.21+  to  0.9U  in  1971 
when  all  data  were  included  regardless  of  the  presence  or  absence  of  clouds. 
Correlations  were  also  computed  from  data  recorded  during  observation  of  sky 
brightness  as  a  function  of  elevation  angle.  These  results  are  given  in 
Table  2,  where  it  is  noted  that  the  maximum  correlations  occur  at  elevation 
angles  comparable  to  that  of  the  fixed  path  from  sea  level  to  mountain  top. 

These  data  show  a  significant  improvement  in  correlation  as  the  phase 
propagation  path  and  emission  path  become  closer  together.   This  indicates 
that  the  water  vapor  distribution  departs  significantly  from  horizontal 
stratification.  We  conclude  that  when  range  measurements  must  traverse  a 
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Table  2.  Cross  correlation  between  microwave  range  fluctuations  at  2.5° 
elevation  angle  and  sky  brightness  temperature  at  various  elevation 
angles.   Each  coefficient  is  computed  from  Jk   points  for  the  1968  data 
and  52  points  for  the  1971  data. 

Elevation  Angle      Correlation  Coefficient 
(degrees)         1968  1971 


1.0  -  .78 

2.5  -  .91 

2.8  .76 

3.3  -  -92 

U.5  .78  .91 

7.5  -77  .88 

11.2  .75  .85 

22.5  .71  .86 

90.0  .67  .85 


large  portion  of  the  atmosphere,  refractivity  corrections  derived  from  the 
radiometric  technique  provide  an  appreciable  improvement  in  accuracy  as 
compared  to  a  method  based  on  radiosonde  measurements.   It  is  also  evident 
that  cloud  effects  in  some  cases  are  serious,  and  we  are  currently 
evaluating  a  dual  frequency  method  for  correcting  these  errors. 
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ABSTRACT   (U) 

(U)  Examples  of  the  HF  groundwave  radar  sea  echo  ob- 
tained in  the  NONESUCH  program  have  been  examined.   The  domi- 
nant resonant  line  served  as  a  constant-amplitude  target 
within  ±3  dB  when  the  sea  was  fully  developed.   The  higher- 
order  response  is  shown  for  the  first  time  to  contain  a  measure 
of  sea  state. 


I   INTRODUCTION   (U) 

(U)   Preliminary  examination  of  data  taken  in  the  NONESUCH  program 
provides  evidence  of  the  utility  of  sea  echo  for  radar  calibration  and 
sea-state  sensing. 

(U)  As  to  calibration,  it  has  been  noticed  for  some  time  in  skywave 

work  at  the  higher  frequencies  that  the  sea  echo — appropriately  averaged — 

o 
possesses  a  fairly  constant  scattering  coefficient,  a   ,    and  that  the  value 
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(U) 

of  O0    is  approximately  -17  dB .   In  a  large  number  of  groundwave  operations 
on  the  Chesapeake  Bay,  o     was  found  to  increase  with  roughness  to  a  limit- 
ing value  of  -29  dB.*   Barrick   has  provided  a  first-order  theory  that 
supports  these  observed  values  of  o    . 

(U)   In  sea-state  sensing  the  promise  of  using  the  HF  sea  echo  has 
existed  since  Crombie   first  noticed  the  resonant  nature  of  the  scattering. 
Unfortunately,  the  very  quality  that  makes  the  dominant  sea  echo  a  good 
calibration  target — that  is,  saturation  in  amplitude  of  the  first-order 
scatter  at  higher  HF — tends  to  defeat  its  use  for  roughness  determination. 
The  higher-order  scatter,  however,  can  provide  a  means  for  roughness  de- 
termination. 


II   DESCRIPTION   (U) 

(U)      The  equipment   used  has  been  described  elsewhere.        The    form  of 
data   studied   is   shown  in  Figures   1   and  2.      These   are   range-gated  echo-power- 
versus-Doppler  records  of   the   sea  echo.      The   13.4-MHz  median  frequency  of 
Figure  1   is  used  as   a  comparison  standard   in   this  paper;    Doppler  frequency 
in   that   figure   is  normalized  to  the   resonant,    first-order  shift  of  /g/TT\, 
where   g  =  9.81  m/s2,    and   X  is   the   radar  wavelength    (/g/nX  =  0.3735  Hz   at 
13.4  MHz) . 

A.    Radar  Calibration   (U) 

(U)   Some  observations  made  on  4  and  7  December  1972  were  used  in 
an  effort  to  confirm  the  measured  values  of  transmit  and  receive  antenna 


(U)   In  reality  these  two  values  of  o~  are  fundamentally  identical.   It 
is  common  that  in  sky-wave  radars  a  factor  of  12  dB  accounting  for  the 
ionospheric  reflection  is  absorbed  in  the  target  cross  section. 
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UNCLASSIFIED 


FIGURE   1        A  TYPICAL  AVERAGED   DOPPLER   SPECTRUM   OF  THE  SEA  ECHO  AT   13.4  MHz, 
1530-1600  GMT,  4  DECEMBER   1972.     Some  of  the  distinct  responses  are  given 
identifiers.     ARW  denotes  approach  resonant  wave;   RRW  denotes  recede  resonant  wave. 
The  amplitude  and  position  of  these  responses  are  a  function  of  sea  state  and  radar 
frequency.     (U) 
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(U) 

gains.   Enough  separate  measurements  were  made  to  give  credibility  to  the 
method  of  using  the  sea  echo  as  a  calibrator.   The  basic  assumption  was 
that  the  average  first-order  energy  backscattered  by  the  approach  resonant 
wave,  ARW1,  could  be  described  by  a  radar  clutter  coefficient,  a   of 
-29  dB.   Implicitly  it  was  assumed  that  the  sea  was  fully  developed  at 
the  frequencies  used.   Figures  3  and  4  give  the  sea-spectrum  descriptions 

used,  as  measured  by  a  nondirectional  wave-height  buoy  in  the  scattering 

-5 
area.   The  f   frequency  dependence  of  these  spectra  agree  with  the 

Phillips  model  for  fully  developed  seas  in  the  saturated — or  equilibrium — 

region.   The  cutoff  and  energy  under  the  measured  curves  agree  with  the 

observed  wind  and  wave  conditions  for  the  two  days.   It  was  necessary  to 

take  into  account  the  increase  in  groundwave  path  loss  due  to  roughness. 

Since  not  all  of  the  first-order  scatter  was  contained  in  a  constant 
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FIGURE  3       THE  OCEAN-WAVE  SPECTRA  DERIVED  FROM  A  WAVERIDER  BUOY. 

The  tea  appears  to  be  fully  developed  for  a  25-knot  wind  radial  to  the  radar.     (U) 
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FIGURE  4       THE  OCEAN  WAVE  SPECTRUM  DERIVED  FROM  A  WAVERIDER  BUOY. 
The  sea  was  estimated  to  be  that  developed  by  a  20-knot  radial  wind.     (U) 

(U) 

bandwidth  at  the  higher  frequencies,  it  was  necessary  to  include  a  band- 
width loss;  this  loss  merely  reflects  the  fact  that  as  higher-order  pro- 
cesses broaden  the  first-order  line,  its  peak  will  decrease  in  order  to 
maintain  the  constant  a  =  -29  dB  energy  under  the  curve.   Figure  5  shows 
the  loss  curves  used  and  the  radar  equation.   Using  the  first  form  of  the 
radar  equation,  the  transmit- receive  antenna  gain  product,  G  G  ,  was  com- 
puted for  the  measurements  and  analyses  made  on  4  and  7  December  1972. 
Figure  6  gives  the  results.   Using  the  sea  as  a  calibrated  target  does 
confirm  the  antenna  gains.   The  spread  in  points  at  the  lower  frequencies 
may  be  due  to  inaccurate  assumptions  in  our  sea  description.   However, 
the  spread  of  points  at  13.4  MHz  is  a  true  index  of  variations  in  results, 
and  all  points  are  within  ±3  dB.   The  path  losses  are  so  insensitive  to 
sea  state  at  the  higher  frequencies  that  use  of  the  correct  roughness 
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FIGURE  6       TRANSMIT-RECEIVE  ANTENNA  GAIN  PRODUCT.     The  solid  line  it  derived  from 
independent  gain  measurements  made  on  the  two  antennas.     The  plotted  points  were 

calculated  using  the  ARW(1)  amplitude  and  o°  =  -29  dB.  (U) 

(U) 

description  Is  critical.  However,  once  a  groundwave  radar  is  well  cali- 
brated, the  sea  echo  can  be  interpreted  to  give  path  loss,  and  therefore 
the  roughness.* 


B.    Sea-State  and  Surface-Wind  Measures   (U) 

(U)   A  number  of  investigators  have  considered  methods  for  deriving 
sea  state  from  the  sea-echo.   Barrick  has  discussed  much  of  this  work, 


(U)   Differences  in  the  atmospheric  refractive  index  from  the  assumed  4/3 
earth  radius  factor  could  corrupt  this  method  of  measurement,  if  they  are 
indeed  important  at  HF.   Evidence  is   that  such  atmospheric  anomalies  do 
influence  groundwave  data,  but  only  at  frequencies  higher  than  about  12  MHz, 
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(U) 

and  Long  and  Trizna   provide  a  recent  example.   Here  we  are  going  to 
examine  the  data  taken  on  4  and  7  December  1972,  and  try  to  expose  the 
better  methods  for  determining  the  sea  roughness  from  the  radar  echo.   A 
comparison  between  Figures  1  and  2  and  Barrick's  results  considering 

6 

second-order  scatter   strongly  suggests  that  second-  and  third-order 
scatter  provide  the  spread  echoes  and  distinct  peaks  seen  in  the  experi- 
mental data..  Considering  this  theory,  it  is  natural  to  present  predicted 
curves  in  terms  of  dimensionless  parameter  V,  LV  =  gc/(4nfU  )]   which  is 
inversely  proportional  to  wind  speed  squared  times  radar  frequency.* 
Figure  7  shows  smoothed  versions  of  seven  radar-echo  spectra  from  4  Decem- 
ber, parametric  in  operating  frequency  and  normalized  to  the  amplitude 
of  ARW(l) .   Table  1  indicates  how  these  seven  curves — measured  at  different 
frequencies  but  at  one  wind  speed — can  be  reinterpreted  to  show  the  spec- 
tra produced  by  different  radial  wind-driven  seas  but  at  a  single  frequency 
of  13.4  MHz.   Figure  8  shows  the  theoretically  predicted  spectra  (positive 
Doppler  side  only)  for  the  same  seven  parameters,  V,  based  on  using  a  semi- 
isotropic  Phillips  wave-height  spectrum  for  fully  developed  seas.   These 
theoretically  calculated  spectra   include  both  hydrodynamic  and  electromag- 
netic effects,  but  only  of  second-order  (i.e.,  produced  by  two  sets  of 
ocean  waves  satisfying  a  double-interaction  Bragg  resonant  relationship) 

(U)   Comparison  of  measured  (Figure  7)  and  predicted  (Figure  8)  spec- 
tra shows  that  the  amplitude  and  area  under  ARW(2)  and  ARW(-2)+  are  indi- 
cators of  sea  state,  and  so  possibly  to  a  lesser  extent  are  the  positions 


(U)   When  the  parameter  Y  is  unity  and  less,  the  first-order  resonant  echo, 
AftW(l),  reaches  and  remains  at  its  saturated  value,  corresponding  to 
a°  =»  -29dB,  according  to  the  theory.   Thus,  as  is  shown  at  the  bottom  of 
Figure  3,  the  first-order  echo  ARW(l)  is  saturated  even  at  the  lowest  fre- 
quency of  2.4  MHz  in  25- knot  seas. 

(U)   The  peaks  labeled  ARW  are  defined  in  Figure  1;  those  carrying  the 
numbers  i2  refer  to  second-order  echoes. 
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Table  1 

(U)   PARAMETRIC  INTERDEPENDENCE  BETWEEN 
CARRIER  FREQUENCY  AND  WIND  SPEED   (U) 


Channel 

Parameter  Y 

Actual 

Sc 

aled 

f  (MHz) 

U (knots) 

f (MHz) 

U(knots) 

1 

0.59 

2.41 

25 

13.4 

11 

2 

0.31 

4.54 

25 

13.4 

15 

3 

0.20 

6.8 

25 

13.4 

18 

4 

0.15 

9.4 

25 

13.4 

21 

5 

0.11 

13.4 

25 

13.4 

25 

6 

0.08 

17.4 

25 

13.4 

29 

7 

0.07 

20.1 

25 

13.4 

31 

2.41 
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FIGURE  7       MEASURED  AMPLITUDE-vs.-NORMALIZED-DOPPLER  SPECTRA  FROM  A  22.5-km 
RANGE  GATE  ON  4  DECEMBER   1972.  WHERE  THE  OOPPLER  NORMALIZATION 
IS  TO  THE  FIRST-ORDER   RESONANT  LINE  AT  fg  -  V^W  Hz.     This  it  a  smoothed 
sketch  made  from  data  similar  to  those  shown  in  Figures  I  and  2,  where  the  smoothing 
width  is  also  normalized  here  to  be  0.087  fg  Hz.     (U) 
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Normohltd     Dcpoier    Frequency 


FIGURE  8       THEORETICAL  AMPLITUDE-vs.-NORMALIZED-DOPPLER  SPECTRA  USING 
PHILLIPS  SEMI-ISOTROPIC  SPECTRUM   FOR  PROPAGATION  IN  UPWIND 
DIRECTION.     Curves  are  for  a  25-knot  radial  wind  and  the  frequencies  listed 
in  the  measured  spectra  of  Figure  7.     Only  the  dominant,  positive-Doppler  side 
is  shown,  smoothed  in  the  same  normalized  manner  as  in  Figure  7.     (U) 

(U) 

of  the  peaks.   While  the  nature  of  ARW(2)  and  ARW  (-2)  is  reasonably  well 

explained  by  the  theory,  ARW(3)  is  not  always  in  agreement  with  theory  and 

ARW (4)  is  not  predicted  by  the  theory  at  all.   This  means  that  these  peaks 

are  of  higher  order  than  second,  and  the  theory  must  be  extended  to  third 

and  possibly  fourth  order  to  explain  these  peaks. 

(U)   The  theory  indicates  that  the  second-order  peaks  ARW(2)  and 
ARW (-2)  are  sensitive  in  magnitude,  energy,  and  position  not  only  to  the 
heights  of  the  ocean  waves,  but  to  their  dominant  travel  directions  with 
respect  to  the  radar  line  of  sight.   Thus,  for  example,  seas  that  are 
moving  predominantly  across  the  line  of  sight  should  produce  a  much  di- 
minished ARW(2)  compared  to  ARW(-2),  and  the  dominant  second-order  spec — 
tral  energy  should  appear  symmetrically  distributed  between  ARW1  and  RRW1 . 
Limited  experimental  evidence  examined  so  far  from  NONESUCH  for  crosswind 
seas  supports  this  predicted  behavior.   Many  more  NONESUCH  records  re- 
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main  to  be  analyzed  in  detail,  and  these  should  provide  a  valid  comparison 

of  theory  with  measured  results. 

Ill   CONCLUSIONS   (U) 

(U)   Many  useful  applications  related  to  HF  sea  scatter  can  be  pro- 
jected from  the  knowledge  and  interpretation  being  gained  from  experiment 
and  theory.   It  is  shown  that  first-order  sea  echo  can  serve  as  an  excel- 
lent calibrator  for  HF  radar  systems,  providing,  for  example,  a  measure 
of  path  loss  when  all  other  radar  system  parameters  are  known.   In  a  sky- 
wave  radar,  such  calibration  is  necessary  for  determination  of  system 
sensitivity  and  thus  the  instantaneous  probability  of  detection.   In  a 
groundwave  radar,  a  knowledge  of  path  loss  in  itself  can  be  used  to  infer 
sea  state.    Further  analysis  of  measured  data  will  yield  the  variance 
of  first-order  0"  and  the  amount  of  time  the  sea  echo  is  saturated  versus 
frequency;  these  two  factors  will  indicate  in  a  more  quantitative  manner 
the  precise  accuracy  of  first-order  sea  echo  as  a  calibrator. 

(U)   The  determination  of  sea  state  from  the  higher-order  character- 
istic of  the  sea  echo  appears  as  a  very  promising  and  exciting  possibility. 
Since  some  characteristic  of  the  higher-order  echo  is  to  be  compared  with 
the  first-order  echo,  the  technique  is  self-calibrating  because  all  forms 
of  sea  echo  traverse  the  same  path  and  thus  undergo  the  same  path  loss. 
This  is  particularly  important  for  long-range  skywave  radar  sensing  of 
sea  state.   The  selection  of  the  best  indicators  within  the  radar  records 
will  depend  somewhat  upon  the  task.   For  example,  spectral  data  collected 
with  a  skywave  radar  often  suffers  in  its  crispness  due  to  multipath,  and 
this  can  make  measurement—indeed  the  very  identification — of  higher-order 
peaks  difficult.   Thus  some  measure  of  the  area  of  energy  under  the  higher- 
order  spectrum — compared  with  the  first-order  resonant  peak — could  prove 
optimum  for  skywave  systems.   Curley  et  al.   use  an  empirical  technique 
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for  interpreting  skywave  sea  echo  that  in  part  is  related  to  the  shape 

and  area  of  the  spectral  energy  between  the  two  first-order  lines;  their 
success  suggests  that  some  variant  of  this  technique  may  be  optimum  for 
•kywive  data.   This  whole  question  of  how  to  best  "invert"  the  radar 
Doppler-signal  spectrum  to  extract  the  dominant  parameters  of  the  ocean 
wave-height  directional  spectrum  is  receiving  considerable  attention. 
Inversion  techniques  are  being  tested  first  against  the  recorded  NONESUCH 
groundwave  data,  and  later  will  be  tried  against  skywave  sea  echo. 
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L.    Jay  Miller 


NOAA  Research  Laboratories 
Boulder,   Colorado 


1. 


INTRODUCTION 


Unambiguous  observation  of  three- 
dimensional  particle  motion  requires  simultaneous 
measurement  at  the  same  point  in  space  of  radial 
velocity  components  provided  by  three  Doppler 
radars  having  noncollinear  beams.     Nevertheless, 
dual  radar  methods  can  still  provide  significant 
information  on  the  detailed  structure  of  atmos- 
pheric  motion.     One  such  dual  radar  method, 
COPLAN  (coordinated  coplanar)  scanning, 
proposed  by  Lhermitte  and  Miller  (1970)  simplifies 
the  data  analysis  and  relaxes  the  stationarity 
assumptions. 

Conventional  radar  methods  (PPI 
scanning)  require  the  completion  of  a  three- 
dimensional  sequence  of  azimuth  and  elevation 
angle  scans  before  the  measured  radial  velocity 
fields  can  be  expressed  in  a  common  coordinate 
system.     The  particle  motion  field,   therefore, 
must  be  assumed  stationary  for  this  total  scan 
time.     However,   in  COPLAN  scanning  data  to  be 
combined  for  a  two-dimensional  motion  field  is 
acquired  in  a  common  coordinate  system  so  that 
stationarity  is  necessary  only  for  the  scan  time 
of  this  restricted  region.     The  advantage  is  a 
better  assessment  of  the  true  stationarity  of  the 
three-dimensional  motion  field  since  short- 
duration  samples  (data  in  a  single  plane)  are 
obtained  at  relatively  long  intervals.     Moreover, 
interpolation  procedures  are  now  two-dimensional 
rather  than  three-dimensional.     This  simplification 
of  the  data  analysis  leads  to  a  significant  savings 
in  the  analysis  of  the  large  volume  of  data  that  a 
Doppler  radar  can  provide. 

The  method  requires  that  data  from  two 
radars  be  separately  evaluated  for  radial  velocity 
estimates  at  grid  points  in  the  plane  defined  by 
the  axes  of  the  radar  beams.     These  two  radial 
velocity  fields  are  then  combined  providing  an 
unambiguous  two-dimensional  particle  motion 
field.     If  the  particle  terminal  fall  velocity  can 
be  assessed,   two-dimensional  air  motion  is 
obtained  by  subtracting  the  fall  velocity  con- 
tribution from  the  particle  motion.     The  third 
orthogonal  component  of  air  motion  normal  to 
the  plane  is  estimated  using  the  equation  of 
continuity. 


This  paper  defines  the  COPLAN  coordinate 
system  conventions  and  derives  expressions  for 
the  air  motion  components  in  the  plane.     Results 
obtained  by  this  method  applied  to  the  observation 
of  circulation  in  snow  conditions  are  also 
presented. 

2.  COORDINATE  SYSTEM  AND  COPLAN 

SOLUTIONS 

For  COPLAN  analysis  the  appropriate 
coordinate  system  is  a  circular  cylindrical 
system  with  the  axis  of  the  cylinder  along  the 
radar  baseline.     From  figure   1  the  transformation 
relations  are 


p      =    V    X3   +    7? 

8  =  y 

or    =  tan"1  (z/x)     , 


(1) 
(2) 
(3) 


where  a  is  the  plane  tilt  angle  measured  from 
the  positive  x  direction,   0  s  »  ill,   p  is  the 
perpendicular  distance  from  the  baseline  in  the 
plane,   0  «p  <»  ,  and   s  is  the  distance  along  the 
baseline,    -  =>  <  s  <».     The    xy-plane  defines  the 
horizontal,    z  =  0,    plane.     The   a  =  0*  and 
or  =  180*  half-planes,   respectively,  are  the 
horizontal  planes  for  positive  and  negative   x. 


Fig.    1.     COPLAN    coordinate  system. 


309 


167 


The  mean  radial  velocity  derived  from 
the  Doppler  velocity  spectrum  is,  for  a  radar 
located  at  the  origin, 


the  time  coincident  fields  u  (p,s)  and  u  (p,s)  at 
tilt  angles  ai  (i=0,  1,  2,  .  .  .  ,nf,  uaa(oi+i)  becomes, 
with  the  assumption  of  incompressibility, 


V     (p  ,  s)  =—  I  pu     +    su     1 


(4) 


where  the  radar  slant  range    r  =  v  p2  +  s2   .     The 
two  orthogonal  components  of  mean  particle 
motion  u-  and  us  are,   respectively,  perpendicular 
and  parallel  to  the  baseline  and  lie  in  the  plane. 
Note  that  the  component  u     normal  to  the  plane 
does  not  contribute  to  the  mean  radial  velocity. 
Therefore,   resolution  of  two-dimensional  un- 
ambiguous particle  motion  in  the  plane  is 
realized  from  the  solution  of  two  expressions 
analogous  to  (4). 

Observation  at  the  same  point  in  the 
plane  of  two  mean  radial  velocity  estimates, 
V,    and  Va  provided  by  radars   1  and  2  located 
respectively  at  (0,d)  and  (0,  -d)  leads  to 


i+lp     8u  8  -i 

ij-j    Lp^+^(pv_r(io) 


L  fen)  =3     (<* 
ara'  i  +  l'        o/a 


where  Ofj  <  ocj  +  j  .    If  *0  corresponds  to  the  surface 
of  the  earth,   the  boundary  condition  is  u      (a0)  =0. 
The  transformations  to  air  motion  components  in 
rectangular  coordinates  are  then 


u  =  u       cos  or  -  u       sin  a 

pa  oa 


w  =  u       sin  a  +  u       cos  a 
pa  oa 


(IX) 
(12) 

(13) 


ri  Yx   (s+d)  -  raVa  (s-d) 

%(p,s)  = ITP '  <5> 


where  w  is  the  mean  vertical  component  of  air 
motion  and  the  horizontal  mean  components  u  and 
7  are,   respectively,  perpendicular  and  parallel 
to  the  baseline. 


"s(P'8)= 2d" 


(6) 


COPLAN  IMPLEMENTATION  AND 
RADAR  CHARACTERISTICS 


with  tx  =  V  p2  +  (s-d)2  and  r,  =  ■/  p2  +  (s+d)2 
Subtracting  the  contribution  from  the  mean 
terminal  velocity  V  from  (5),  the  mean  air 
motion  components  in  the  plane  become 


As  the  radar  beam  moves  in  azimuth  the 
elevation  angle  9  is  changed  according  to  the 
relation  (Lhermitte  and  Miller,    1970) 


tan  8  =  tan  or  sin  (8-8    ) 


(14) 


u        =u     -  V,  sin  i 
pa         p         t 


(7) 
(8) 


where  8  is  the  azimuth  angle  measured  clockwise 
from  true  north  and  8    ia  the  azimuth  angle  of  the 
baseline.     For  angles  less  than  10*,  the  tangent 
is  approximately  equal  to  the  angle  (  <  1%  error) 
so  that 


It  should  be  noted  that  the  component  u       parallel 
to  the  baseline  is  completely  determined  by  the 
radar  measurements.     This  has  also  been  shown 
by  Armijo  (1969)  in  the  derivation  of  three- 
dimensional  wind  fields  and  by  Lhermitte  and 
Miller  (1970). 

Estimates  of  the  mean  air  motion 
component  u~       normal  to  the  plane  are  obtained 
from  the  equation  of  continuity.     Divergence  in 
cylindrical  coordinates  is  given  by 


-        [     8    /  _     \      '    9Uaa       8Usa 

divVa=pap"VpuParp  "air  +  as 


(9) 


9«"0f  |   sin  (8-80) 


(15) 


where   V     is  the  total  vector  air  motion       Given 


The  plane  angle  for  antenna  steering  is  restricted 
to  0  «  a  s  TT/2.     Thus,  the  absolute  value  of  the 
sine  of  the  azimuth  angle  (8"80)  relative  to  the 
baseline  is  required  to  provide  correct  elevation 
angle  information  on  both  sides  of  the  baseline. 

The  two  radar  systems  digitally  record 
the  complex  phase -coherent  (in-phase  and 
quadrature)  signal  outputs  of  the  phase  demodulator. 
Recorded  time  series  are  processed  for  the  Doppler 
velocity  spectrum  using  the  fast-Fourier  transform 
algorithm.     The  complex  signal  representation 
sampled  at  the  pulse  repetition  rate  permits  an 
unambiguous  velocity  range  of  ±  15.  7  m  sec*1  . 
Data  is  acquired  simultaneously  at  4  range  gates 
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during  a  signal  dwell  time  of  262   msec   (S12  com- 
plex samples  per  range  gate).     As  the  antennas 
rotate   (~  1-2  degrees  per  sec  depending  on  the 
azimuth  sector  size)  with  the  beams  in  a  common 
plane,   the  4  gates  are  successively  positioned  in 
6  non-overlapping  range  intervals.      This  range 
positioning  generates   24  gates  equally  spaced  in 
range  but  slightly  skewed  in  azimuth.      At  the 
boundary  of  the  azimuth  sector   (16  beams),   the 
antennas  reverse  scan  direction,   step  to  a  new 
plane,   and  the  entire  process  is  repeated.     The 
scanning  time  for  a  plane  is  32.  6  seconds. 

Both  radars  are  pulsed  X-band  Doppler 
radars  with  the  following  characteristics: 


Operating  frequency 

Peak  power 

Minimum  detectable  signal 

Pulse  repetition  rate 

Pulse  width 

Dynamic  range 


9.  31  GHz 

2.  5  kW  (Radar  1) 
16    kW  (Radar  2) 

-103  dbm 
1953  Hz 
0. 4  u sec 
53  db 


Beam  width  (half-power  estimated)    0.  7* 

Antenna  scan  rate 

Polarization  Horizontal 


0-3  rpm  (continu- 
ously variable) 


Radar  2 
15723') 


Fig.  2.  Plan  view  of  overlapping  scanning  region 
and  radar  locations.  Radar  heights  are 
feet  above  mean  sea  level.  The  baseline 
is  oriented  at  an  angle  of  14.  6°  from  the 
true  north.  The  5600'  MSL  height  con- 
tour is  shown  to  delineate  the  foothills  of 
the  Rocky  Mountains. 


4.  EXPERIMENT  AND  RESULTS 

Two  Doppler  radars  with  COPLAN  scanning 
capabilities  were  operated  east  of  the  Rocky 
Mountains  during  the  winter  of  1971-72.     The 
geometry  for  results  presented  here  is  shown  in 
figure  2.     Radar   1  was  located  8  miles  northeast 
of  Boulder,   Colorado.     Since  'he  radars  were  not 
at  exactly  the  same  height,    the  beam  axes  scanned 
in  two  planes  which  were  parallel  and  separated 
by  the  difference  in  the  two  heights.      This  effect 
can  be  neglected  for  differences  comparable  to  the 
linear  extent  of  the  beams  at  the  ranges  involved. 

Data  was  acquired  on  January  3,    1972, 
from  1130  MST  to  1145  MST  in  nine  planes  from 
0*   to  8*   at   l"   tilt  angle   steps.      The   1500   Z 
(0800  MST)  surface  map  showed  a  polar  front 
located  in  southern  Colorado.     Also,   there  was  a 
low  pressure  center  in  west-central  New  Mexico. 
Light  steady  snow  fell  uniformly  over  the   scan- 
ning region  as  indicated  by  relative  reflectivity 
measurements   (<  2  dbz  change). 

Two  radial  velocity  fields,    V.    and  Va  , 
obtained  from  the  Doppler  measurements  were 
linearly  interpolated  to  arrive  at  solutions  to  (5) 
and  (6)  .     A  computed  horizontal  wind  field  having 
a  spatial  resolution  of  300  meters  (comparable 
to  the  scanning  resolution  is   shown  in  figure  3. 
This  horizontal  wind  field  appears  to  be  nearly 
uniform. 


A  given  wind  component  can  be  expressed 
as  a  mean  plus  a  fluctuating  component  so  that 


u      (p  ,  s)   =  u       +  u'     (p,  s), 
pa  r  pa  pa  r 

u      (p,  s)  =  a       +  u'      (p,  s), 
sa  r  sa  sa  r 


(16) 
(17) 


where  the  prime  denotes  the  fluctuating  component. 
The  averages  here  apply  to  the  entire  scanned 
region  rather  than  to  the  pulse  volume  previously 
associated  with  the  mean  of  the  Doppler  velocity 
spectrum.     Subtraction  of  the  spatial  averages, 
upa  and  uga  ,   from  (16)  and  (17)  results  in  a  field 
of  spatial  fluctuations  from  the  mean  flow. 

This  so-called  eddy  flow  field  for  the 
horizontal  plane  is  shown  in  figure  4.     The  mean 
wind  is  from  14.8"  true  at  5.5  m  sec"1  .    Clearly 
there  is  a  well  organized  smaller  scale  (2  km) 
flow  superimposed  on  the  larger  scale  (8  km)  mean 
flow. 

Streamlines  for  the  horizontal  eddy  flow 
are  shown  in  figure  5.     Also  indicated  are  four 
apparent  vortex  centers.      The  area  where  no 
streamlines  have  been  drawn  (  nearly  zero 
fluctuation  velocities)   is  a  region  of  weak 
(10"4  sec"1)  divergence.     This  is  divergence 
estimated  by  finite  differences  on  a  scale  of 
300  meters. 
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Kilometers 


Fig.    3.  Horizontal  (a  =  0°  plane)  vector  wind  field  derived  from  data  taken  on  January  3,    1972.     Vectors 

are  drawn  from  the  field  points  in  the  direction  of  flow.     Field  points  are  separated  by  300  meters. 


•  N  *  N— -  '  -'  .'  • 


Fig.   4.  Eddy  flow  field  for  the  horizontal  wind  field 
of  figure  3.     The  mean  flow  is  from  14.  8' 
at  5.  5  m  sec-1   as  derived  from  the  spatial 
averages  of  the  upa  and  uga  components. 


Fig.    5.  Streamlines  for  the  horizontal  eddy  flow 
field  of  figure  4.     Four  vortex  centers 
are  also  shown. 
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Pig.    6a-f.  Two-dimensional  eddy  flow  field  for   1*,   2*,   and  3' planes  at  times  relative  to  the  horizontal 
fields  of  figures  3,  4,  and  5.     Results  are  presented  at  different  tilt  angles  and  different  times 
thereby  showing  the  spatial  and  temporal  behavior  of  the  detailed  circulation  in  snow. 
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Temporal  and  spatial  behavior  of  the  eddy 
flow  is  ividenced  by  figures  6a-f.     Comparison 
of  the  field  in  a  plane  at  two  different  times  in- 
dicates that  the  eddies  are  advecting  relatively 
unchanged  with  the  mean  flow.     Note  the   spatial 
continuity  of  the  eddy  flow  pattern  as  the  tilt 
angle  is  increased.     However,   there  are  also  some 
distinct  changes  in  the  flow.     In  particular,    the 
northwest  quadrant  of  the   1 "  plane   (figure  6e)has 
a  small  vortex  center  (not  shown  in  figure  5) 
which  has  changed  to  an  easterly  flow  in  the   3° 
plane  (figure  6b).     If  COPLAN  scanning  had  not 
been  used,   three-dimensional  interpolation  of 
radial  velocity  estimates  taken  several  minutes 
apart  would  have  averaged  out  much  of  the  de- 
tailed motion.      The  random  deviations  of  the 
eddy  flow  are  attributable  to  experimental  error. 

The  variance  of  the  mean  radial  velocity 
estimate  derived  from  the  Doppler  spectrum  is 
(Lhermitte  and  Miller,    1970),   neglecting  noise, 


XOy 

~4T 


sizes.      This  flow  pattern  recognition  coupled  with 
reflectivity  measurements  needs  to  be  investigated 
more  fully. 

Compared  to  conventional  radar  scanning 
methods,   COPLAN  scanning  provides  a  more  sys- 
tematic means  of  acquiring  dual- Doppler  radar 
measurements  of  storm  circulation.     Short- 
duration  samples  in  a  single  plane  obtained  at 
relatively  long  intervals  lead  to  a  better  assess- 
ment of  the  storm'  s  true  temporal  variability. 
Furthermore,    interpolation  techniques  are  two- 
dimensional  rather  than  three-dimensional  thereby 
simplifying  the  data  analysis. 
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5. 


SUMMARY  AND  CONCLUSIONS 


This  paper  has  presented  the  COPLAN 
scanning  and  data  analysis  technique.     The  pre- 
liminary results  obtained  in  snow  conditions  have 
been  used  as  a  vehicle  to  demonstrate  the  potential 
of  this  method  applied  to  dual-Doppler  observations 
of  atmospheric  motion.      When  the  fall  velocity 
contribution  can  be  assessed,   the  technique  gives 
the  detailed  spatial  and  temporal  variability  of 
the  air  motion.      Further  studies  using  the 
COPLAN  method  in  snow  conditions  or  for 
artificially  introduced  motion  tracers  with  a  known 
fall  velocity  can  lead  to  a  better  understanding  of 
the  turbulence  processes  in  the  boundary  layer. 

Application  of  the  COPLAN  method  to 
storms  where  the  fall  velocity  may  not  be  known 
a  priori  must  include  this  measurement  before 
the  true  air  motion  is  obtained.     However,    since 
the  fall  velocity  contributes  to  only  one  of  the  air 
motion  components,   areas  of  flow  having  strong 
gradients  of  Vj    will  appear  as  regions  of  signifi- 
cant departure  from  the  larger  scale  mean  flow. 
These  perturbations  of  the  particle  motion  in  the 
plane  are  then  a  qualitative  means  of  determining 
changes  in  Vt    associated  with  changes  in  the  drop 
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ABSTRACT 

The  use  of  annular-scan  and  mulli-s|>ei  iral  techniques  for  inferring  temperature  profiles  from  ground- 
liased  radiometric  observations  of  emission  liy  atmospheric  oxygen  is  discussed.  A  recently  developed 
nudii  frequency  radiometer  used  to  evaluate,  experimentally,  the  two  techniques  is  described.  Tempera- 
lure  profiles  inferred  from  emission  measurements  are  compared  to  radiosonde  profdes  recorded  simulta- 
neously with  the  radiometric  data.  It  is  concluded  that  a  combination  of  angular-scan  and  multi-spectral 
input  data  yields  a  more  accurate  profde  recovery  than  other  sets  of  input  data. 


1.  Introduction 

The-  application  of  ground-based  radiometric  mea- 
surements of  emission  front  atmospheric  oxygen  to  the 
problem  of  estimating  the  variation  of  temperature  with 
height  h;ts  been  discussed  in  the  recent  literature 
(Weslwatcr,  1()72;  Hosier  and  Lemmons,  1972;  Staelin, 
1(N>(>).  The  majority  of  the  reported  ground-based 
measurement  systems  has  determined  temperature 
profiles  by  mathematical  inversion  of  single-frequency 
measurements  of  brightness  temperature  as  a  function 
of  elevation  angle.  An  alternate  technique  consists  of 
inverting  observations  of  brightness  temperature  as  a 
function  of  frequency  at  either  a  fixed  or  variable 
elevation  angle.  This  second  technique  has  received 
relatively  little  attention. 

An  obvious  advantage  in  favor  of  the  first,  or  angular 
scan  method,  is  th.  '  the  instrumentation  is  fairly 
simple,  consisting  of  a  single-frequency  radiometer  with 
an  antenna  that  is  sleerable  in  elevation.  However, 
conversion  of  antenna  temperature  to  brightness  tem- 
perature may  be  complicated  and  subject  to  error  since 
the  stray  radiation  into  antenna  back  and  side  lobes 
changes  with  elevation  angle.  In  the  second,  or  multi- 
spectral  method,  the  antenna  is  not  moved  with  the 
result  that  stray  radiation  is  relatively  constant,  thus 
simplifying  the  determination  of  brightness  temper- 
ature. 

In  principle,  the  multi-spectral  system  offers  the 
advantage  that  a  profile  can  be  measured  in  a  time- 
period  set  mainly  by  the  radiometer  time  constant. 
With  present  radiometer  sensitivities,  the  angular  scan 
method  requires  of  the  order  of  15-30  min  to  complete 
a  temperature  profile  measurement.  The  major  dis- 
advantage of  the  multi-spectral  system  is  that  the 
instrumentation  is  complicated  and  relatively  expensive. 


This  paper  describes  instrumentation  developed  to 
permit  experimental  evaluation  of  both  techniques  and 
presents  the  results  of  an  experiment  performed  to 
compare  quantitatively  the  relative  merits  of  the  two 
techniques. 

2.  Theory 

In  this  section  we  briefly  consider  the  theory  of  the 
estimation  of  temperature  profiles  from  measurements 
of  microwave  emission  by  oxygen.  Emission  by  oxygen 
is  utilized  because  this  gas  is  well-mixed  in  the  atmo- 
sphere and  its  absorptive  properties  in  the  microwave 
region  are  reasonably  well  understood.  Absorption  of 
electromagnetic  energy  by  O2  occurs  in  a  series  of 
resonant  lines  centered  at  60  GHz  and  in  a  single  line- 
near  118  (iHz;  here  we  consider  only  the  60-GHz 
absorption  complex.  At  the  earth's  surface  the  indi- 
vidual absorption  lines  merge  into  an  absorption 
continuum  due  to  pressure  broadening  and  a  ground- 
based  radiometer  observes  a  smooth  variation  of  bright- 
ness with  frequency.  The  brightness  temperature  Tt,, 
measured  at  frequency  v  and  elevation  angle  6,  is  given 
by  Meeks  and  Lilley  (1963)  as 

Tb(vfi)  =  7y*'(",0)  expf  -  I     a,  cscfttt'  J 

+  J     T{h)a\  expf  -fa,  cscOdh'j    cscft/A,     ( 1 ) 

where  Tb'xt  is  the  brightness  temperature  caused  by  a 
source  external  to  the  earth's  atmosphere,  T{h)  the 
absolute  temperature  as  a  function  of  height  h  above 
the  earth's  surface,  and  a,  the  absorption  coefficient  at 
frequency  v.  Here  we  assume  that  the  absorption  is  a 
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function  of  oxygen,  water  vapor,  temperature  and 
pressure  only,  and  that  scattering  is  negligible;  these 
assumptions  art-  valid  except  when  clouds  or  precipita- 
tion arc  present.  The  problem  at  hand  is  to  estimate  the 
quantity,  '/'(//),  from  measurements  of  the  quantity, 
i\U',$). 

Study  of  (1 1  shows  that  input  data  may  be  generated 
in  three  vva\ s: 

1 1  Angular  scan,  i.e..  measurements  of  7"<,  at  a  given 
frequency  vs  elevation  angle. 

2)  Multi-spectral,  i.e.,  measurements  of  7'i  vs  fre- 
quency at  a  fixed  elevation  angle. 

>)  A  combination  of  angular-scan  and  multi-spectral 
techniques. 

The  method  employed  to  invert  the  radiative  transfer 
equation  (1)  has  been  described  in  detail  by  Weslwater 
(1°72)  and  will  only  be  briefly  described  here.  The 
method  involves  replacing  (1)  with  a  Kredholm  integral 
equation  of  the  first  kind.  The  Fredhohn  equation  is 
then  solved  by  means  of  a  statistical  estimation  tech- 
nique that  yields  estimates  of  the  atmospheric  tempera- 
lure  structure  based  upon  a  priori  knowledge  of  the 
temperature,  pressure  and  humidity  statistics  for  the 
particular  measurement  location  and  the  given  set  of 
brightness  temperature  measurements.  The  solution  is 
the  set  of  atmospheric  temperature  vs  height  values  that 
results  in  the  minimum  expected  mean  square  error  at 
each  altitude  of  interest.  Inclusion  of  the  a  priori  sta- 
tistical information  in  addition  to  the  brightness 
observations  allows  one  to  estimate  the  temperature 
profile  at  an  arbitrarily  large  number  of  altitudes  from 
a  given  set  of  measurements.  Although  each  of  these 


estimates  is  computationally  distinct,  the  information 
at  adjacent  points  is,  of  course,  highly  correlated. 

3.  Multi-frequency  radiometer 

We  now  describe  the  instrument  developed  I  (J  i  <>ni- 
pare  the  relative  usefulness  of  the  methods  described 
above  in  making  accurate  estimates  of  atmospheric 
temperature  profiles.  Major  objectives  in  the  design  of 
the  radiometer  were  capability  of  operation  in  both 
angular-scan  and  multi-spectral  modes,  simultaneous 
operation  on  three  or  four  frequencies  from  a  common 
antenna,  high  angular  resolution  in  the  antenna  system, 
good  spectral  resolution,  and  the  greatest  possible 
sensitivity  consistent  with  the  other  design  goals. 

A  block  diagram  of  the  final  radiometer  design  is 
given  in  1'ig.  1.  The  basic  system  is  the  well  known 
Dicke  radiometer  in  which  the  receiver  is  switched 
between  the  antenna  and  a  temperature-controlled 
reference  termination.  In  the  present  system,  the  Dicke 
switch  (modulator)  is  a  rotating  vane  attenuator  thai 
alternately  transmits  and  absorbs  the  energy  from  the 
antenna.  The  components  located  between' the  antenna 
and  rotary  modulator  serve  the  following  functions. 
During  calibration  the  radiometer  is  connected  to  one 
of  the  temperature-controlled  terminations  through  the 
waveguide  switch  to  establish  a  known  temperature 
reference.  (At  0°  elevation  angle  and  in  the  60-(.Hz 
spectral  region,  the  atmosphere  is  essentially  a  black- 
body  having  an  effective  temperature  very  nearly  equal 
to  the  surface  temperature;  hence,  atmospheric  emission 
may  also  be  used  as  a  calibration  point.)  Incremental 
calibration  of  the  radiometer  output  is  accomplished  by 
injecting  noise  from  the  gas  discharge  noise  source  into 
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Fig.  1.  Block  diagram  of  multi-frequency  radiometer. 
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Fig.  2.    Multi-frequency  radiometer  installed  in  elevation  over 
azimuth  antenna  mount. 


the  signal  channel  via  the  precision  attenuator  and 
auxiliary  arm  of  the  directional  coupler.  During  mea- 
surements, the  antenna  is  connected  to  the  radiometer 
and  noise  is  injected  into  the  signal  channel  to  allow 
operation  in  a  "semi-balanced"  condition.  Since  a  true 
balance  cannot  be  obtained  at  more  than  a  single  fre- 
quency, an  appropriate  amount  of  noise  is  injected  to 
obtain  an  approximate  balance  at  all  frequencies. 

The  first  mixer  translates  a  4- GHz  band  of  fre- 
quencies in  the  50-GHz  region  to  a  4-8  GHz  inter- 
mediate frequency.  After  a  stage  of  amplification, 
separation  into  four  individual  channels  takes  place  in 
a  strip-line  multiplexer;  center  frequencies  are  4.5,  5.5, 
6.5  and  7.5  GHz.  A  second  conversion  to  a  60-MHz 
center  frequency  follows  the  multiplexer;  the  noise 
bandwidth  of  the  60-MHz  i.f.  amplifiers  is  approxi- 
mately 30  MHz  to  achieve  a  fair  degree  of  spectral 
resolution.  Following  the  second  i.f.  amplifiers  are  four 
identical  stages  of  video  detection,  synchronous  detec- 
tion using  a  lock-in  amplifier,  and  analog  output 
recording. 

All  components  before  the  lock-in  amplifiers  are 
located  in  an  equipment  enclosure  mounted  at  the 
antenna.  The  waveguide  compartment  is  heated  to 


maintain  the  ambient  temperature  reasonably  constant. 
Since  ohmic  losses  in  the  waveguides  generate  noise, 
waveguide  temperatures  are  measured  by  thermistor 
probes  located  at  several  points  and  remotely  recorded 
for  subsequent  use  in  computing  the  antenna 
temperature. 

A  summary  of  the  essential  radiometer  characteristics 
is  presented  in  Table  1. 

The  radiometer  enclosure  and  its  1.2  m  conical  horn 
antenna  are  mounted  in  an  elevation  over  azimuth 
antenna  mount  which  provides  the  capability  of  angular 
scan  operation  (see  Fig.  2).  The  antenna  position  is  read 
out  remotely  at  the  data  recording  position.  A  relatively 
large  antenna  aperture  was  employed  to  obtain  the 
high  angular  resolution  mentioned  earlier,  while  the 
conical  horn  configuration  was  selected  to  minimize 
stray  radiation  into  the  back  and  side  lobes  and  thereby 
simplify  the  conversion  of  antenna  temperature  to 
brightness  temperature. 

The  measured  antenna  power  patterns  in  the  region 
of  the  main  beam  are  shown  in  Figs.  3a  and  3b  for 
longitudinal  and  transverse  polarization.  The  antenna 
feed  is  arranged  so  that  the  power  pattern  in  the  vertical 
plane  corresponds  to  Fig.  3a;  thus,  radiation  from  the 
ground  is  reduced  because  of  the  less  intense  side  lobes. 

We  now  consider  the  method  used  to  convert  radio- 
metric measurements  of  antenna  temperature  to  bright- 
ness temperature  required  as  input  data  to  invert  (1). 
For  any  elevation  angle  0,  the  antenna  temperature  Ta 
is  the  weighted  average  of  the  brightness  temperature 
distribution  surrounding  the  antenna,  i.e., 


G(Q)Tb(Q)dQ, 


(2) 


where  C7(Q)  is  the  antenna  gain  as  a  function  of  angle, 
Tb(Q)  the  brightness  temperature  distribution,  and  dil 
the  elemental  solid  angle.  Eq.  (2)  can  be  rewritten  as 
the  sum  of  an  integral  over  the  main  beam  region,  e.g., 
between  the  first  nulls  in  the  pattern,  plus  an  integral 
over  the  remainder  of  the  power  pattern.  Performing 
this  modification  and  solving  for  the  brightness  tem- 
perature integrated  over  the  main  beam,  Tbm,  we  obtain 

r  dQ 

Tbm{6)  =  Ta{6)-\  G(0)r»(fl)— .         (3) 

J  remainder  ^T 

For  this  antenna  system,  the  main  beam  efficiency,  i.e., 
the  percent  of  the  total  antenna  power  contained  in  the 

Table  1.  Multi-frequency  radiometer  characteristics. 


Operating  frequency 
Antenna  characteristics 

Receiver  type 

Sensitivity 


52.5,  53.5,  54.5,  55.5  GHz 

1.2  m  diameter  conical  horn,  3  dfi 
beamwidth  0.3° 

Dicke  switching  radiometer,  dual- 
conversion  superheterodyne 

~1K  for  60  9ec -integration  time 
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nain  beam,  is  sufficiently  high  that  the  last  integral 
In  (3)  is  insensitive  to  the  range  of  brightness  tempera- 
ture profiles  encountered  in  Colorado.  As  a  result,  it  is 
possible  to  make  use  of  a  simple  conversion  factor  to 
obtain  brightness  temperature  from  antenna  tempera- 
ture. Curves  of  this  factor,  the  quantity  {Thm—Ta),  vs 
antenna  elevation  are  shown  in  Fig.  4;  the  curves  were 
computed  by  numerically  integrating  (2)  using  the 
measured  antenna  power  pattern  and  the  mean  bright- 
ness temperature  profile  for  April.  The  latter  profile  was 
computed  using  5-year  mean  Denver  radiosonde  data 
and  appropriate  absorption  coefficients  in  (1). 

4.  Description  of  experiment 

During  April  1971,  an  experiment  was  conducted  near 
Boulder,  primarily  to  evaluate  the  performance  of 
several  radiometric  systems  in  yielding  atmospheric 
temperature  profiles.  However,  as  the  planning  for  the 
experiment  evolved,  it  became  clear  that  additional 
sensors  could  not  only  benefit  from,  but  supplement  the 
basic  objectives  of  the  main  experiment.  As  a  result,  the 
final  scope  of  the  program  greatly  exceeded  the  original 
plan.  The  list  of  participants  along  with  their  respective 
measurements  follows: 


Participant 

Air  Pollution  Control 

Office 
Sperry  Rand  Corporation 

Wave  Propagation 
Laboratory,  N'OAA 


Equipment 

54.5  GHz  radiometer,  angle-scan 
mode 

54.5  GHz  radiometer,  angle-scan 
mode 

Four-frequency,     radiometer,     angle- 
scan  and  multi-spectral  modes 

Acoustic  sounder 

Infra-sound  array 

Lidar 

Infrared  radiometer 

Radiosonde  data 

Aircraft  temperature  measurements 

Surface  '/',  Ml,  P,  sk_\  photographs 
National  (.'enter  for  Boundary    layer    profiler     (tethered 

Atmospheric  Research  balloon  with  radiosonde) 

Data  were  recorded  three  times  daily  beginning  at 
0400,  0900  and  1500  during  a  one-week  period  in  April 
1971.  These  observation  times  were  selected  in  order  to 
acquire  data  for  a  variety  of  profiles.  The  radiometric 
observations  were  made  at  a  series  of  10  discrete 
antenna  elevation  angles  ranging  from  0°  to  90°;  a 
complete  run  required  about  1  hr.  During  the  radi- 
ometer measurements,  a  radiosonde  was  released  and 
data  were  recorded  to  an  altitude  of  about  10  km;  the 
aircraft  also  recorded  temperature-height  variations  to 
an  altitude  of  3  km.  Prior  to  and  following  recording  of 
the  radiosonde  data,  the  boundary  layer  profiler  made 
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a  sounding  from  the  surface  to  about  500  m  and  back 
la  the  surface-.  In  addition  to  these  supporting  data, 
sky  photographs  were  made  at  each  antenna  elevation 
angle  so  thai  possible  contamination  of  data  by  clouds 
could  be  detected. 

5.  Measurement  results 

In  the  remainder  of  this  paper,  we  shall  limit  our 
discussion  to  recover}1  of  temperature  profiles  from 
radiometric  data  obtained  with  the  VV'PL  multi- 
frequency  radiometer.  We  shall  consider  our  experi- 
mental results  from  two  viewpoints:  (i)  What  is  the 
optimum  set  of  input  data?,  and  (ii)  What  are  the  rela- 
tive effects  of  different  statistics  upon  the  final  inversion 
result? 

The  statistical  inversion  technique  can  also  be  used 
as  a  tool  to  study  achievable  accuracy  in  profile  retrieval 
as  a  function  of  number  and  kind  of  altitude  weighting 
functions,  radiometer  noise  levels,  and  a  priori  know- 
ledge of  temperature  statistics  (Westwater  and  Strand, 
1%8).  This  technique  evaluates  effective  numbers  of 
independent  data  in  terms  of  reduction  of  variance  of 
the  original  temperature  statistics,  i.e.,  the  addition  of 
redundant  measurements  reduces  the  variance  only 
slightly.  An  optimum  set  of  measurement  ordinates  is 
that  which  maximizes  the  reduction  in  variance.  We 
then  apply  this  criterion  to  evaluate  various  kinds  of 
measurement  possibilities. 


The  theoretical  accumulated  standard  deviation  of 
the  estimated  difference  in  inferred  and  actual  (mea- 
sured) temperature  profiles  are  shown  in  Figs.  5  and  r>; 
l lie  two  figures  illustrate  the  effects  of  using  different 
statistics  as  well  as  different  sets  of  input  data.  The 
instrumental  noise  level  is  also  taken  into  account. 
Fig.  5  is  based  upon  the  5-year  mean  all-month  radio 
sonde  data  for  Denver,  while  l'ig.  0  is  calculated  using 
the  5-year  mean  April  radiosonde  data.  The  various 
curves  are  plotted  for  different  sets  of  input  data;  the 
symbol  for  a  particular  set  is  shown  in  the  legend. 
Combinations  1A,  1,  and  2  refer  to  the  multi-spectral 
input  data  combinations  listed  in  Table  2.  Combina- 
tions lAand  1  are  equivalent  except  that  1 A  is  computed 
for  a  simulated  measurement  accuracy  (noise  level)  of 
0.1K  while  combination  1  is  based  upon  the  actual  noise 
levels  determined  by  the  observed  differences  between 
radiometric  measurements  and  the  brightness  tempera- 
ture calculated  from  radiosonde  information.  Angle 
scan  designations  arc  simply  measurements  of  bright- 
ness temperature  vs  elevation  angle  at  the  frequency 
indicated.  The  curve  labeled  a  priori  is  the  theoretical 
accuracy  in  the  estimated  profile  that  would  be  obtained 
if  only  the  long-term  statistics  and  the  surface  tempera- 
ture were  known.  In  all  the  results  presented  here,  the 
measured  surface  temperature  is  used  as  a  constraint. 
The  theoretical  curves  for  spectral  combinations  1  and  4 
are  nearly  identical;  the  curves  for  combination  4  have 
been  omitted  from  Figs.  5  and  6  for  clarity. 

Several  important  points  are  brought  out  in  Figs.  5 
and  6.  First,  it  is  clear  that  spectral  combination  1 
results  in  the  smallest  standard  deviation  over  the  full 
10-km  height  interval  (remembering  that  combination 
1A  is  based  on  a  hypothetical  0.1K  noise  level).  Second, 
the  total  mean  square  error  per  point  in  the  angular 
scan  mode  is  about  the  same  at  both  53.5  and  54.5  (1Hz 
and  is  smaller  than  for  multi-spectral  measurements  at 
a  fixed  elevation  angle,  i.e.,  combination  2.  Thus,  we 

Table   2.    Explanation   of   spectral   combinations  employed   to 
estimate  temperature  profiles. 


Combina- 
tion 

Ele 

Input 
nation  angle 
(deg) 

data 

l'requency 
(GHz) 

1 

5 
10 
15 
30 
60 
90 

54.5.  55.5 
54.5.  55.5 
54.5,  55.5 
53.5,  54.5,  55.5 
52.5,  53.5,  54.5 
52.5,  53.5,  54.5 

2 

90 

52.5,  53.5, 
54.5,  55.5 

4 

5 
10 

53.5,  54.5 
at  all  angles 

15 
20 
30 
60 
90 
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reach  the  not  surprisint;  conclusion  that  a  combination 
of  angular  scan  and  multi-spectral  input  data  yields  a 
better  inversion  result  than  either  set  of  input  data 
alone.  However,  it  is  somewhat  surprising  that  a  fairly 
large  reduction  in  measurement  error  (from  ~  2.5K.  to 
O.IK)  does  not  result  in  a  substantial  decrease  in  total 
mean  square  error  for  combination  1.  This  result  may 
indicate  that  multi-spectral  angular  scan  measurements 
need  not  be  extremely  accurate  to  give  good  inversion 
results  except  during  serious  departures  from  horizontal 
stratification. 

The  rather  poor  performance  of  the  multi-spectral 
inversion  method  may  be  partis  due  to  measurement 
error.  However,  the  main  reason  is  believed  to  be  the 


smaller  number  of  input  measurements  in   the  mulli 
spectral  case.  It  is  also  possible  that  a  more  optimum 
selection    of    frequencies    would    result    in    a    smaller 
difference  between  inferred  and  actual  profiles. 

As  for  the  comparative  merits  of  the  statistics  used 
to  invert  the  data,  it  appears  that  all-month  and  April 
statistics  produce . comparable  results  over  the  first  .1 
or  4  km  for  all  input  data  combinations.  Above  4  km, 
use  of  April  statistics  results  in  a  slightly  smaller  error 
when  angular  scanning  or  spectral  combination  is  used. 
Attempts  were  made  to  improve  the  accuracy  of  the 
estimated  profile  by  employing  a  priori  data  correspond- 
ing closely  in  time  with  the  radiometric  measurements. 
Of   the   available   long-term   statistical    data,    a    time 
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Fig.  5.  Theoretical  accuracy  of  estimated  profile  using  all-month  statistics. 
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FlG.  6.  Theoretical  accuracy  of  estimated  profile  using  April  statistics. 


correspondence  occurred  for  only  the  0400  measure- 
ments, a  total  of  three  samples.  No  significant  improve- 
ment in  the  mean  square  difference  between  estimated 
and  radiosonde  profiles  resulted  from  this  procedure. 

We  shall  now  compare  the  measured  and  inferred 
profiles  for  a  few  samples.  Fig.  7  is  an  example  of  a 
profile  containing  a  surface-based  temperature  inver- 
sion. The  curves  are  the  profile  measured  by  the  radio- 
sonde and  the  profile  inferred  from  the  radiometric  data; 
inversion  results  are  shown  for  four  different  combina- 
tions of  input  data.  All  sets  of  data,  except  for  spectral 
combination  2,  show  the  presence  of  the  temperature 
inversion.  Although  the  maximum  temperature  is 
slightly  underestimated  in  this  example,  the  height  of 


the  maximum  is  fairly  well  defined.  As  predicted  by 
theory,  spectral  combination  1  gives  the  best  overall 
agreement  with  the  radiosonde  profile.  Note  that  com- 
bination number  4,  for  which  a  theoretical  curve  is  not 
shown,  results  in  agreement  comparable  to  that  ob- 
tained with  combination  1  and  the  angular  scan  at 
54.5  GHz.  This  trend  was  observed  consistently  in  all 
the  samples  considered  in  this  study  which  suggests 
that  a  two-frequency  radiometer  operated  in  the  angular 
scan  mode  yields  results  comparable  in  accuracy  with 
those  obtainable  with  a  four-frequency  device.  However, 
it  does  not  necessarily  follow  that  this  behavior  would 
be  true  for  all  geographic  areas. 

Figs.   8-10   show   inversion   results   for   three   other 
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samples  using  spectral  combination  1  to  illustrate 
recovery  of  several  different  types  of  profiles.  The  radio- 
sonde data  in  Fig.  8  show  an  elevated  temperature  in- 
version at  about  500  m :  the  inversion  is  also  seen  in  the 
aircraft  and  boundary  layer  profile  recordings.  The 
inferred  profile  does  not  detect  the  intensity  of  the 
elevated  inversion  although  there  is  a  change  in  the 
estimated  profile  lapse  rate  in  the  vicinity  of  the  tem- 
perature inversion.  This  inability  to  deled  the  intensity 
and  mixing  depth  of  elevated  temperature  inversions 
has  been  observed  in  angular  scan  measurements 
(Westwater,  1971).  In  both  instances,  it  is  believed  that 
the  temperature  structure  is  smoothed  out  because  of 
integration    effects   and  or   overlapping   of    weighting 
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Fig.   7.  Inferred  and  measured  temperature  profiles  using  four 
combinations  of  input  data. 


Temperoture   (K) 

Figs.  8-10.  Inferred  and   measured  temperature  profiles  using 
combinations  of  angle  scan  and  multi-spectral  input  data. 
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Tun  k  3.  Summary  uf  profile  recovery  fur  various  combinations  of  input  data  usinu  all-month  statistics.  Tabulated  quantity  is  ihr 
rms  difference  between  inferred  and  radiosonde  temperatures  for  nine  profiles.  Quantities  in  parentheses  are  maximum  observed  dif- 
ferences in  the  entire  set  of  nine  samples. 
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-0.14) 
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0.30  (+0.75, 

-0.2.1) 

1.82   (+3.91, 

-2.40) 

0.22   (+0.53,    - 

0.18) 

0.25  (+0.47.    -0.13) 

0.26  l  +0.41. 

-0.(7) 

2.81 

'  +2.06. 

-4.71) 

0.350 

0.40  (+0.73. 

-1.07) 

2.24  (+4.02. 

-.1.58) 

0.56  (+0.63.   - 

1.(4) 

0.59  (+0.82,    -1.27) 

0.61    (  +0.52. 

-1.54) 

1.08 

(  +3.17. 

-4.95) 

0.41I 

0.S2  (  J-0.20, 

-1.16) 

1.85  (  +  1.60, 

-3.52) 

0.61   (  +0.22,    - 

■1.27) 

0.56  (+0.20.   -  1.16) 

0.76  (  -0.11, 

-1.53) 

2.78 

1  +3.27. 

-4.95) 

1  in  t 

0.71   (  +  1..16. 

-0.86) 

1.36  (  +  1.00. 

-1.66) 

0.67   (  +  1.20.    - 

■0.76) 

0.67  (  +  1.08,   -0.27) 
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1.21   (+2.82. 
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0.77   (  +  1.59.    - 

■0.67) 

0.7fi  i  +1.34.    -0.66) 

1.031   1  +  1.07, 

-1.58) 

2.88 

1  +0.82. 
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.'.HOI 
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-0.67) 
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11.62  (+0.67, 

-1.18) 

1.40  (+2.10. 
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0.58  (+0.65,    - 

•1.14) 

1.18  (+1.02.    -1.20) 

1.41  (  +2.05, 

-0.46) 

3.62 

(  -0.33, 

-5.54) 

53140 

0.721  +  1.71, 

-0.25) 

2.08  (+.1.67. 

+0.15) 

Nin 

0.82  (+1.45,   - 
e  profile  average 

■0.84) 
of  19 

1.90  (+3.52.   -0.98) 
Itoirus  lo  5.04  km 

1.88  (+2.40. 

-0.04) 

4.39 

1  -0.94, 

-7.63) 

0.50 

1.44 

0.52 

0.84 

1.01 

2.81 

functions.  In  principle,  the  multi-spectral  approach 
should  be  more  successful  in  recovering  elevated 
inversions  if  the  frequencies  of  operation  are  chosen  so 
as  to  cause  the  weighting  function  to  give  more  informa- 
tion in  the  vicinity  of  the  elevated  inversion.  It  is  clear 
that  the  optimum  frequency  problem  should  receive 
additional  study. 

Tables  3  and  4  contain  a  detailed  summary  of  the 
relative  accuracy  of  temperature  profile  recovery  using 
the  various  combinations  of  input  data  and  all-month 
and  April  statistics,  respectively.  The  values  tabulated 
are  the  rms  difference  between  estimated  and  radiosonde 
temperature  profiles  for  the  nine  samples  recorded 
during  the  one-week  measurement  period.  The  numbers 
in  parentheses  are  the  extreme  differences  between  the 
two  types  of  measurements;  a  positive  value  indicates 
that  the  inferred  temperature  is  greater  than  the 
radiosonde  temperature. 

6.  Conclusions 

Hased  upon  the  very  limited  sample  available  for  this 
study,  it  is  concluded  that  a  combination  of  angular 


scan  and  multi-spectral  input  data  produces  more 
accurate  inferred  profiles  than  do  other  input  data 
combinations.  It  further  appears  that  the  angular  scan 
method  is  superior  to  multi-spectral  techniques 
especially  when  detecting  surface  based  temperature 
inversions.  However,  the  possibility  exists  that  a  more 
optimum  selection  of  frequencies  would  result  in  im- 
proved accuracy  for  the  multi-spectral  method.  It 
should  also  be  remembered  that  the  rapidity  of  making 
measurements  in  the  multi-spectral  mode  may  offset 
the  reduced  accuracy  obtainable.  For  the  measurements 
reported  here,  a  two-frequency  angular  scan  combina- 
tion yields  results  nearly  as  good  as  obtained  with  the 
four-frequency  angular  scan  combination.  The  implica- 
tion regarding  simplification  of  equipment  is  obvious; 
thus,  the  extent  to  which  this  result  applies  to  other 
geographic  areas  should  be  carefully  evaluated.  The 
accuracy  of  the  inferred  profile  is  not  very  sensitive  to 
the  particular  set  of  a  priori  statistics  used;  however,  it 
should  be  stressed  that  this  situation  may  be  the  result 
of  the  small  sample  size. 


Table  4.  Summary  of  profile  recovery  for  various  combinations  of  input  data  using  April  statistics.  Tabulated  quantity  is  the  rms 
difference  between  inferred  and  radiosonde  temperatures  for  nine  profiles.  Quantities  in  parentheses  are  maximum  observed  differences 
in  the  entire  set  of  nine  samples. 


Height 

Spectral 

Spectral 

Spectral 

53.5  GHz 

54.5  GHz 

1     (km) 

combination  1 

combination  2 

combination  4 

angular  scan 

angular  scan 

A  priori 

0 

0 

0 

0 

0 

0 

0 

0.105 

0.39  (+0.78, 

-0.39) 

1.50  (+3.S5. 

-1.73) 

0.31  (+0.67, 

-0.19) 

0.22  (+0.39, 

-0.24) 

0.46  (+0.94, 

-0.20) 

1.87  (+2.28. 

-3.68) 

0.221 

0.31   (+0.77, 

-0.23) 

1.79  (+4.06. 

-2.06) 

0.23  (+0.52. 

-0.18) 

0.22  (+0.41, 

-0.20) 

0.30  (+0.46, 

-0.40) 

2.25  (+2.85. 

-4.25) 

0.350 

0.52  (+0.76. 

-1.15) 

2.22  (+4.17. 

-3.63) 

0.59  (+0.66. 

-1.42) 

0.61   (+0.85, 

-1.42) 

0.62  (+0.76. 

-1.52) 

2.77  (+3.19. 
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0.56  (+0.25. 

-1.21) 

1.82  (  +  1.65, 
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0.66  (+0.17, 
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-2.82) 
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0.63  (  +  1.34. 
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0.59  (  +  1.13, 
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0.63  (+1.01. 
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0.57  (  +  1.28, 

-0.36) 

2.00  (+2.50. 
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1.458 

0.83  (  +  1.53. 

-0.86) 

1.21  (+2.56, 

-1.42) 

0.70  (  +  1.37. 

-0.71) 

0.68  (+1.17, 

-0.70) 

0.54  (  +  1.54. 

-1.52) 

1.69  (  +  1.68. 

-2.82) 

2.001 

0.87  (  +  1.60. 

-1.22) 

1.08  (+1.47. 

-1.45) 

0.66  (  +  1.23. 
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0.39  (+0.51. 

-0.67) 

0.94  (  +  1.61, 

-1.00) 

1.25  (+2.26, 
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1.82  (+0.55, 

-3.11) 

3.050 

0.48  (+0.78. 

-0.64) 
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0.42  (+0.53, 

-0.89) 
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-1.00) 

1.89  (+0.41. 

-3.39) 
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-0.96) 

0.S4  (+0.56, 

-0.93) 
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1.95  (+0.89, 
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1.24  (  +  1.19. 

-0.79) 

0.72  (  +  1.11. 

-1.01) 

1.53  (+2.99. 
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1.11  (+1.S3. 
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2.25  (+0.66. 
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Nine-point  average  of  10  j»oints  to  5.04  km 
0.49  0.74 
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RECENT  RESULTS    D)  GROUND -BASED  SENSING 
OF  ATMOSPHERIC  TEMPERATURE   PROFILES 

J.   B.   Snider 

Wave  Propagation  Laboratory 

Environmental  Research  Laboratories 

National  Oceanic  and  Atmospheric  Administration 

Boulder,  Colorado  80302 

INTRODUCTION 

The  application  of  ground-based  radiometric  measurements  of  emission  from  atmospheric  oxygen 
to  the  problem  of  estimating  the  variation  of  temperature  with  height  has  been  discussed  in  recent 
literature.    '   In  the  majority  of  measurements  reported,  temperature  profiles  have  been  deter- 
mined by  inverting  single  frequency  measurements  of  brightness  temperature  as  a  function  of  eleva- 
tion angle.   An  alternate  technique  consists  of  inverting  observations  of  brightness  temperature 
as  a  function  of  frequency  at  either  a  fixed  or  variable  elevation  angle.   The  second  technique 
has  received  relatively  little  attention. 

An  obvious  advantage  in  favor  of  the  first,  or  angular  scan  method,  is  that  the  instrumenta- 
tion is  fairly  simple,  consisting  of  a  single  frequency  radiometer  with  an  antenna  that  is  steer- 
able  in  elevation;  however,  conversion  of  antenna  to  brightness'  temperature  may  be  complicated  and 
subject  to  error  since  the  stray  radiation  into  antenna  back  end  side  lobes  changes  with  elevation 
angle.   In  the  second,  or  multi -spectral  method,  the  antenna  is  not  moved  with  the  result  that 
stray  radiation  is  relatively  constant  thus  simplifying  the  determination  of  brightness  temperature. 

In  principle,  the  multi -spectral  system  offers  the  advantage  that  a  profile  can  be  measured 
in  a  time  period  set  mainly  by  the  radiometer  time  constant.  With  present  radiometer  sensitiv- 
ities, the  angular  scan  method  requires  15  to  30  minutes  to  complete  a  temperature  profile  measure- 
ment. The  major  disadvantage  of  the  multi-spectral  system  is  that  the  instrumentation  is  compli- 
cated and  relatively  expensive. 

This  paper  describes  instrumentation  developed  to  permit  experimental  evaluation  of  both 
techniques  and  presents  the  results  of  an  experiment  performed  to  compare  quantitatively  the  rel- 
ative merits  of  the  two  techniques. 

THEORY 

In  this  section  we  briefly  consider  the  theory  of  the  estimation  of  temperature  profiles  from 
measurements  of  microwave  emission  by  oxygen.   Emission  by  oxygen  is  utilized  because  this  gas  is 
well -mixed  in  the  atmosphere  and  its  absorptive  properties  in  the  microwave  region  ere  reasonably 
well  understood.  Absorption  of  electromagnetic  energy  by  0„  occurs  in  8  series  of  resonant  lines 
centered  at  60  GHz  and  in  a  single  line  near  118  GHz;  here  we  consider  only  the  60  GHz  absorption 
complex.  At  the  earth's  surface  the  Individual  absorption  lines  merge  into  an  absorption  contin- 
uum due  to  pressure  broadening  and  a  ground-based  radiometer  observes  a  smooth  variation  of  bright- 
ness with  frequency.   The  brightness  temperature,  T,  ,  measured  at  frequency,  v,  and  elevation  angle, 
8,  is  given  by 
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»  CD  ft 

T^v.S)  =  Tbext(v,e)exp(-JT  avcsc  9  dh)  +  JT  T(h)av[exp(-„£  avcsc  8  dh')]csc  8  dh       (1) 

where  T,     =  brightness  temperature  caused  by  a  source  external  to  the  earth's  atmosphere, 

T(h)  b  absolute  temperature  as  a  function  of  height,  h,  above  the  earth's  surface,  and 
a     =  absorption  coefficient  at  frequency  v. 

Here  we  assume  th8t  the  absorption  is  a  function  of  oxygen,  water  vapor,  temperature,  end  pressure 
only  and  that  scattering  is  negligible;  these  assumptions  are  valid  except  when  clouds  or  precip- 
itation is  present.   The  problem  at  hand  is  to  estimate  the  quantity,  T(h),  from  measurements  of 
the  quantity,  T.  (v,  8). 

Study  of  (1)  shows  that  input  data  may  be  generated  in  three  ways: 

1.  Angular  scan,  i.e.,  measurements  of  T  at  a  given  frequency  versus  elevation  angle, 

2.  Multi -spectral,  i.e.,  measurements  of  T,  versus  frequency  at  a  fixed  elevation  angle, 
and     3.  A  combination  of  angular-scan  and  multi-spectral  techniques. 

The  method  employed  to  invert  the  radiative  transfer  equation  (1)  has  been  described  in  detail 
by  Westwater    and  will  only  be  briefly  described  here.  The  method  involves  replacing  (1)  with  a 
Fredholm  integral  equation  of  the  first  kind.  The  Fredholm  equation  is  then  solved  by  means  of  a 
statistical  estimation  technique  that  yields  estimates  of  the  atmospheric  temperature  structure 
based  upon  a_  priori  knowledge  of  the  temperature,  pressure,  and  humidity  statistics  for  the  partic- 
ular measurement  location  and  the  given  set  of  brightness  temperature  measurements.  The  solution 
is  the  set  of  atmospheric  temperature  versus  height  values  that  results  in  the  minimum  departure 
(in  a  least-squares  sense)  from  the  expected  value. 

MULTI -FREQUENCY  RADIOMETER 

We  now  describe  the  instrument  developed  to  compare  the  relative  usefulness  of  the  methods 
described  above  in  making  accurate  estimates  of  atmospheric  temperature  profiles.  Major  objectives 
in  the  design  of  the  radiometer  were  capability  of  operation  in  both  angular-scan  and  multi-spec- 
tral modes,  simultaneous  operation  on  3  or  U   frequencies  from  a  common  antenna,  high  angular  reso- 
lution in  the  antenna  system,  good  spectral  resolution,  and  the  greatest  possible  sensitivity 
consistent  with  the  other  design  goals. 

A  block  diagram  of  the  final  radiometer  design  is  given  in  Figure  1.   The  basic  system  is  the 
well  known  Dicke  radiometer  in  which  the  receiver  is  switched  between  the  antenna  and  a  tempera- 
ture-controlled reference  termination.   In  the  present  system,  the  Dicke  switch  (modulator)  is  a 
rotating  vane  attenuator  that  alternately  transmits  and  absorbs  the  energy  from  the  antenna.   The 
components  located  between  the  antenna  and  rotary  modulator  serve  the  following  functions:  during 
calibration  the  radiometer  is  connected  to  one  of  the  temperature  controlled  terminations  through 
the  waveguide  switch  to  establish  a  known  temperature  reference.   (At  0  elevation  angle  and  in 
the  60  GHz  spectral  region  the  atmosphere  is  essentially  a  blackbody  having  an  effective  tempera- 
ture very  nearly  equal  to  the  surface  temperature;  hence,  atmospheric  emission  may  also  be  used 
as  a  calibration  reference  point.)  Incremental  calibration  of  the  radiometer  output  is  accom- 
plished by  injecting  noise  from  the  gas  discharge  noise  source  into  the  signal  channel  via  the 
precision  attenuator  and  auxiliary  arm  of  the  directional  coupler.  During  measurements,  the 
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antenna  is  connected  to  the  radiometer  and  noise  is  injected  into  the  signal  channel  to  allow 
operation  in  a  "semi -balanced"  condition.   Since  a  true  balance  cannot  be  obtained  at  more  than  a 
single  frequency,  an  appropriate  amount  of  noise  is  injected  to  obtain  an  approximate  balance  at 
all  frequencies. 

The  first  mixer  translates  a  U   GHz  band  of  frequencies  in  the  50  GHz  region  to  a  U-8   GHz  first 
intermediate  frequency.   After  a  stage  of  amplification,  separation  into  four  individual  channels 
takes  place  in  a  strip-line  multiplexer;  center  frequencies  are  !*.5,  5.5,  6.5,  and  7.5  GHz.  A 
second  conversion  to  a  6o  MHz  center  frequency  follows  the  multiplexer;  the  noise  bandwidth  of  the 
60  MHz  IF  amplifiers  is  approximately  30  MHz  to  achieve  a  fair  degree  of  spectral  resolution. 
Following  the  second  IF  amplifiers  are  four  identical  stages  of  video  detection,  synchronous  detec- 
tion using  a  lock-in  amplifier,  and  analog  output  recording. 

All  components  before  the  lock-in  amplifiers  are  located  in  an  equipment  enclosure  mounted  at 
the  antenna.   The  waveguide  compartment  is  heated  to  maintain  the  ambient  temperature  reasonably 
constant.  Since  ohmic  losses  in  the  waveguides  generate  noise,  waveguide  temperatures  are  meas- 
ured by  thermistor  probes  located  at  several  points  end  remotely  recorded  for  subsequent  use  in 
computing  the  antenna  temperature. 

The  radiometer  enclosure  and  its  1.2  m  diameter  conical  horn  antenna  are  installed  on  an 
elevation  over  azimuth  antenna  mount  which  provides  the  capability  of  angular  scan  operation.   The 
antenna  position  is  read  out  remotely  at  the  data  recording  position.  A  relatively  large  antenna 
aperture  was  employed  to  obtain  the  high  angular  resolution  mentioned  earlier,  while  the  conical 
horn  configuration  was  selected  to  minimize  stray  radiation  into  the  back  and  side  lobes  and 
thereby  simplify  the  conversion  of  antenna  temperature  to  brightness  temperature. 

A  summary  of  the  essential  radiometer  characteristics  is  presented  in  Table  1. 

Table  1.   Multi-frequency  radiometer  characteristics 

Operating  frequency     -  52.5,  53.5,  5^.5,  55.-5  GHz 

Antenna  characteristics  -  1.2  meter  diameter  conical  horn,  3  dB  beamwidth  0.3 

Receiver  type  -  Dicke  switching  radiometer,  dual -conversion  superheterodyne 

1st  IP:  k   to  8  GHz 

2nd  IF:  60  MHz  center  frequency,  noise  bandwidth  approx.  30  MHz 
Sensitivity  -  Approx.  IK  for  60  s  integration  time 

TABLE  MOUNTAIN  EXiERMENT 

During  April  1971,  an  experiment  was  conducted  at  Table  Mountain  near  Boulder,  Colorado, 
primarily  to  evaluate  the  performance  of  several  radiometric  systems  in  yielding  atmospheric 
temperature  profiles;  however,  as  the  planning  for  the  experiment  evolved,  it  became  clear  that 
additional  sensors  could  not  only  benefit  from  but  supplement  the  basic  objectives  of  the  main 
experiment.  As  a  result,  the  final  scope  of  the  program  greatly  exceeded  the  original  plan.   The 
list  of  participants  along  with  their  respective  measurements  follows: 
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Participant 
Air  Pollution  Control  Office 
Sperry  Rand  Corporation 
Wave  Propagation  Laboratory,  NOAA 


National  Center  for  Atmospheric 
Research 


Equipment 
5^.5  GHz  radiometer,  angle-scan  mode 
5^.5  GHz  radiometer,  angle-scan  mode 

^-frequency  radiometer,  angle-scan  and  multi -spectral  modes 
Acoustic  sounder 
Infra -sound  array 
Lidar 

Infrared  radiometer 
Radiosonde  data 

Aircraft  temperature  measurements 
Surface  T,  RH,  P,  Sky  photographs 
Boundary  layer  profiler  (tethered  balloon  with  radiosonde) 


In  the  remainder  of  this  paper,  we  shall  limit  our  discussion  to  the  WPL  radiometric  obser- 
vations to  provide  temperature  profiles  and  a  comparison  of  the  inversion  results  with  the  temper- 
ature profiles  measured  by  the  radiosondes. 

Data  were  recorded  three  times  daily  beginning  at  0^00,  0900,  and  1500  during  a  one-week 
period  in  April  1971.   These  observation  times  were  selected  in  order  to  acquire  data  for  a  variety 
of  profiles.   The  radiometric  observations  were  made  at  a  series  of  10  discrete  antenna  elevation 
angles  ranging  from  0  to  90  ;  a  complete  run  required  about  one  hour.  During  the  radiometer 
measurements,  a  radiosonde  was  released  8nd  data  were  recorded  to  an  altitude  of  about  10  km;  the 
aircraft  also  recorded  temperature -height  variations  to  an  altitude  of  3  km.  Before  and  after 
recording  of  the  radiosonde  data,  the  boundary  layer  profiler  made  a  sounding  from  the  surface  to 
about  500  meters  and  back  to  the  surface.   In  addition  to  these  supporting  data,  sky  photographs 
were  made  at  each  antenna  elevation  angle  so  that  possible  contamination  of  data  by  clouds  could 
be  detected. 

The  majority  of  measurements  recorded  showed  lapse  temperature  profiles;  however,  3  tempera- 
ture inversions  were  present.  We  shall  now  examine  a  few  sets  of  data  from  two  viewpoints: 

1.  What  is  the  optimum  set  of  input  data?,  and 

2.  What  are  the  relative  effects  of  different  statistics  upon  the  final  inversion  result? 

INVERSION  RESULTS 

The  theoretical  accumulated  standard  deviation  of  the  estimated  difference  in  inferred  and 
actual  (measured)  temperature  profiles  is  shown  in  Figures  2  and  3;  the  two  figures  illustrate 
the  effects  of  using  different  statistics  as  well  as  different  sets  of  input  data.   Figure  2  is 
based  upon  the  5  year  mean  all  month  radiosonde  data  for  Denver,  Colorado,  while  Figure  3  is 
calculated  using  the  5  year  mean  April  radiosonde  data.  The  various  curves  are  plotted  for  dif- 
ferent sets  of  input  data;  the  symbol  for  a  particular  set  is  shown  in  the  legend.   Combinations 
1A,  1,  and  2  refer  to  the  multi -spectral  input  data  combinations  listed  in  Table  2.   Combinations 
1A  and  1  are  equivalent  except  that  1A  is  computed  for  a  simulated  measurement  accuracy  of  0.1K 
while  combination  1  is  based  upon  the  actual  observed  differences  between  radiometric  measurements 
and  the  brightness  temperature  calculated  from  radiosonde  information.   Angle  scan  designations 
are  simply  measurements  of  brightness  temperature  versus  elevation  angle  at  the  frequency  indicated. 
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The  curve   labeled  a  priori   is  the  theoretical  inversion  accuracy  that  would  be   obtained   if  only 
the  long-term  statistics  and  the  surface  temperature  were  known.      In  all  the  results  presented 
here,   the  measured   surface   temperature   is  used  as  a   constraint.      The  theoretical  curves   for   spectral 
combinations   1  and   k  are  nearly  identical;   the   curves  for   combination  U  have  been  omitted   from 
Figures  2  and   3  for  clarity. 

Table   ?.      Explanation  of  spectral  combinations   employed 
to  estimate   temperature  profiles 

Combination  No.  Input  Data 

Elevation  Angle    (deg)  Frequency   (GHz) 

1  5  5h.5,  55.5 
10  5^.5,  55.5 
15  5l4.5,    55.5 

30  53.5,    5M,    55.5 

60  5?.  5,    53.5,    5^.5 

90  52.5,   53.5,    5^.5 

2  90.  52.5,   53.5,   5*».5,   55.5 

3  60  52.5,   53.5,   5^.5,   55.5 

■*  5  53.5,   514.5 

10  at  all  angles 

15 

20 

30 

60 

90 

Several  important  points  are  brought  out  in  Figures  2  and  3.   First,  it  is  clear  that  spectral 
combination  1  results  in  the  smallest  standard  deviation  over  the  full  10  km  height  interval. 
Second,  the  accumulated  error  in  the  angular  scan  mode  is  about  the  same  at  both  53.5  and  5^.5  GHz 
and  is  smaller  than  for  multi -spectral  measurements  at  a.^  fixed  elevation  angle,  i.e.,  combination  2. 
Thus  we  reach  the  not  surprising  conclusion  that  a  combination  of  angular  scan  and  multi -spectral 
input  data  yields  a  better  inversion  result  than  either  set  of  input  dat8  alone.   It  is  somewhat 
surprising  that  a  fairly  large  reduction  in  measurement  error  (from  approx.  2. 5K  to  O.IK)  does  not 
result  in  a  substantial  decrease  in  accumulated  error  for  combination  1.   This  result  may  indicate 
that  multi -spectral  angular  scan  measurements  need  not  be  extremely  accurate  to  give  good  inversion 
results  except  during  serious  departures  from  horizontal  stratification. 

The  rather  poor  performance  of  the  multi -spectral  inversion  method  may  be  partly  caused  by 
measurement  error;  however,  the  main  reason  is  believed  to  be  the  smaller  number  of  input  measure- 
ments in  the  multi-spectral  case.   It  is  also  possible  th8t  a  more  optimum  selection  of  frequencies 
would  result  in  a  smaller  difference  between  inferred  and  actual  profiles. 

As  for  the  comparative  merits  of  the  statistics  used  to  invert  the  data,  it  appears  that  all- 
month  and  April  statistics  produce  comparable  results  over  the  first  3  or  U   km  for  all  input 
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combinations.  Above  U   km,  use  of  April  statistics  results  in  a  slightly  smaller  error  when 
angular  scanning  or  spectral  combination  is  used.   Thus,  for  this  rather  limited  sample  at  least, 
the  inversion  result  is  rather  insensitive  to  the  statistics  employed. 

We  shall  now  examine  some  of  the  actual  inversion  results  and  compare  the  measured  and  in- 
ferred profiles  for  a  few  samples.   Figure  h   is  an  example  of  a  profile  containing  a  surface  based 
temperature  inversion.   The  curves  are  the  profile  measured  by  the  radiosonde  and  the  profile 
inferred  from  the  radiometric  data;  inversion  results  are  shown  for  four  different  combinations 
of  input  data.  All  sets  of  data,  except  for  spectral  combination  2,  show  the  presence  of  the 
temperature  inversion.  Although  the  magnitude  of  the  inversion  is  slightly  underestimated  in 
this  example,  the  height  of  inflection  is  fairly  well  defined.  As  predicted  by  theory,  spectral 
combination  1  gives  the  best  overall  agreement  with  the  radiosonde  profile.  Note  that  combination 
number  I4,  for  which  a  theoretical  curve  is  not  shown,  results  in  agreement  comparable  to  that 
obtained  with  combination  1  and  the  angular  scans  at  both  frequencies.   This  trend  was  observed 
consistently  in  all  the  samples  considered  in  this  study  which  suggests  that  a  two-frequency 
radiometer  operated  in  the  angular  scan  mode  yields  results  comparable  in  accuracy  with  those 
obtainable  with  a  ^-frequency  device;  however,  it  does  not  necessarily  follow  that  this  behavior 
would  be  true  for  ell  geographic  8reas. 

Figures  5  through  7  show' inversion  results  for  three  other  samples  using  spectral  combination 
1  and  April  statistics  to  illustrate  recovery  of  several  different  types  of  profiles.   The  radio- 
sonde data  in  Figure  5  show  an  elevated  temperature  inversion  at  about  500  m  altitude: 
the  inversion  is  also  seen  in  the  aircraft  and  boundary  layer  profile  recordings.  The  inferred 
profile  does  not  detect  the  intensity  of  the  elevated  inversion  although  there  is  a  change  in  the 

estimated  profile  lapse  rate  in  the  vicinity  of  the  temperature  inversion.  This  inability  to 

(3) 
detect  elevated  temperature  inversions  has  also  been  observed  in  angular  scan  measurements.   ' 

In  both  instances,  it  is  believed  that  the  temperature  structure  is  smoothed  out  because  of  inte- 
gration effects  and/or  overlapping  of  weighting  functions.  In  principle,  the  multi-spectral 
approach  should  be  more  successful  in  recovering  elevated  inversions  if  the  frequencies  of  opera- 
tion are  chosen  so  as  to  cause  the  weighting  function  to  give  more  information  in  the  vicinity 
of  the  elevated  inversion.   It  is  clear  that  the  optimum  frequency  problem  should  receive  addi- 
tional study. 

CONCLUSIONS 

Based  upon  the  very  limited  sample  available  for  this  study,  it  is  concluded  that  a  combina- 
tion of  angular  scan  and  multi -spectral  input  data  produces  more  accurate  inferred  profiles  than 
do  other  input  data  combinations.   It  further  appears  that  the  angular  scan  method  is  superior  - 
to  multi -spectral  techniques  especially  when  detecting  surface  based  temperature  inversions. 
However,  the  possibility  exists  that  a  more  optimum  selection  of  frequencies  would  result  in 
improved  accuracy  for  the  multi -spectral  method.   For  the  measurements  reported  here,  a  2  fre- 
quency-angular scan  combination  yields  results  nearly  as  good  as  those  obtained  with  the  U   fre- 
quency angular  scan  combination.   The  implication  regarding  simplification  of  equipment  is  obvious; 
thus,  the  extent  to  which  this  result  applies  to  other  geographic  areas  should  be  carefully 
evaluated. 
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Figure   1.      Block  diagram  of  multl -frequency  radiometer. 
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Figure  2.  Theoretical  accumulated  standard 
deviation  of  estimated  profile 
using  all-month  statistics. 


Figure  3.   Theoretical  accumulated  standard 
deviation  of  estimated  profile 
using  April  statistics. 
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An  Electromagnetic  Technique  for  Tornado 

Detection 


W.  L.  Taylor,  Environmental  Research  Laboratories, 
NO  A  A,  Boulder,  Colorado 


A  STUDY  has  been  conducted  during  the 
past  few  years  by  the  Wave  Propaga- 
tion Laboratory  of  the  Environmental  Re- 
search Laboratories  of  the  National  Oceanic 
and  Atmospheric  Administration  to  find  an 
electromagnetic  signature  suitable  for  tor- 
nado detection.  The  initial  experimental 
phase  of  this  work  showed  that  most  tor- 
nadic  storms  have  major  radio-frequency 
electrical  activity  associated  with  them.  The 
parameter  most  suitable  for  use  as  a  radio- 
frequency  signature  of  tornadic  activity  was 
the  number  of  bursts,  per  unit  time,  of  high 
impulse  rates  as  measured  at  frequencies  in 
the  range  1  MHz  to  100  MHz.  These  elec- 
tromagnetic impulses  seem  to  be  radiated 
from  lightning  discharge  processes  within  the 
parent  cloud  producing  the  tornado.  It  was 
also  found,  however,  that  a  few  severe  storms, 
as  well  as  some  local  nonsevere  storms,  pro- 
duced burst  rates  comparable  to  those  asso- 
ciated with  tornadic  storms. 

To  test  the  feasibility  of  this  electromag- 


netic technique  of  tornado  detection,  fifteen 
observational  units  were  operated  within  or 
near  "tornado  alley"  between  15  March  and 
15  September  1972.  Each  unit  continuously 
recorded  the  number  of  bursts  per  minute  of 
high  impulse  rates  at  a  frequency  of  3.16 
MHz.  Two  amplitude  threshold  levels  cor- 
responding to  nominal  impulse  field  strengths 
expected  at  distances  less  than  about  15 
nautical  miles  and  less  than  about  30  n  mi 
were  employed  to  give  an  approximate  indi- 
cation of  range. 

A  column  of  four  color-coded  lights  for 
each  range  was  located  on  the  front  panel  of 
the  equipment  cabinet.  The  different  colors 
served  as  indicators  of  the  observed  burst 
rates  at  the  two  threshold  levels.  To  be 
counted  as  a  burst,  the  received  3.16  MHz 
signals  were  required  not  only  to  exceed  the 
range  threshold  but  also  to  contain  more 
than  50  impulses  at  rates  exceeding  500  per 
second.  The  different  lights  were  used  to  in- 
dicate when  the  burst  rate  exceeded  three  per 
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minute,  10  per  minute,  20  per  minute,  and  30 
per  minute.  A  multichannel  event  recorder 
produced  a  paper  chart  record  of  the  equip- 
ment responses. 

Analyses  of  these  data  revealed  there  were 
542  electromagnetic  equipment  responses 
during  the  season.  These  responses  were 
correlated  with  the  Severe  Weather  Reports 
from  the  National  Severe  Storms  Forecast 
Center  in  Kansas  City.  A  total  of  41  tor- 
nadoes, 30  funnel  clouds,  54  hail  storms,  60 
wind  storms,  and  507  thunderstorms  was  re- 
ported within  a  range  of  30  n  mi  from  the  15 
recording  units  during  the  observational  pe- 
riod. The  correlation  of  equipment  re- 
sponses with  the  various  reported  storm  con- 
ditions indicated  that  nonsevere  thunder- 
storms produced  an  average  burst  rate  of 
about  three  per  minute,  severe  storms  related 
to  wind  or  hail  damage  resulted  in  about  10 
bursts  per  minute,  severe  storms  associated 
with  funnel  clouds  produced  about  13  per 
minute,  and  severe  storms  that  produced 
tornadoes  attained  an  average  of  about  20 
bursts  per  minute. 

The  degree  of  success  of  this  technique  for 
tornado  detection  was  measured  by  presum- 
ing that  a  burst  rate  exceeding  20  per  minute 
was  indicative  of  tornado  activity.  Based  on 
this  presumption,  it  was  found  that  73%  of 
the  tornadoes  would  have  been  warned  for, 
40%  of  the  funnels  would  have  been  indi- 
cated as  tornadic,  27%  of  the  hail  and  wind 
storms  would  have  been  classified  as  tor- 
nadic, and  only  6.5%  of  the  thunderstorms 
would  have  produced  false  alarms.  These 
percentage  values  are  rather  impressive  until 
we  remember  there  are  many  more  non- 
severe  thunderstorms  than  there  are  tornadic 
storms.  Thus,  if  tornadic  conditions  were 
warned  for  each  time  a  burst  rate  exceeds 
20  per  minute,  there  would  actually  have 
been  tornadoes  or  funnel  clouds  present  dur- 
ing only  about  25%  of  the  warnings. 

It  should  be  realized  that  these  results 
were  obtained  using  only  the  responses  of  the 
electromagnetic  detection  equipment  and 
without  taking  advantage  of  any  other  avail- 
able information.  This  technique  should  not 
be  considered  as  an  independent  tornado  de- 
tector on  an  operational  basis,  but  rather  as 
an  aid  in  warning  of  tornadoes  in  conjunc- 
tion with  radar  and  other  information. 


Based  on  the  success  of  these  1972  tests, 
an  operational  evaluation  of  the  technique 
will  be  undertaken  during  the  1973  tornado 
season  at  a  selected  number  of  National 
Weather  Service  Offices.  In  addition,  direc- 
tional capability  is  being  developed  and  will 
be  available  in  a  new  generation  of  detec- 
tion equipment  in  the  near  future.  The  ad- 
dition of  direction  of  arrival  to  the  burst 
rate  measurement  is  expected  to  greatly  re- 
duce the  false  alarms  caused  by  the  additive 
effect  of  numerous  nontornadic  sources  simul- 
taneously occurring  within  range  of  the 
equipment.  The  indication  of  direction  will 
also  aid  the  local  personnel  to  track  electri- 
cally-active storm  regions  and  to  relate  these 
with  the  radar  returns. 
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Electromagnetic  Radiation  from  Severe  Storms  in  Oklahoma 
during  April  29-30,  1970 

William  L.  Taylor 

National  Oceanic  and  Atmospheric  Administration 

Environmental  Research  Laboratories,  Wave  Propagation  Laboratory 

Boulder,  Colorado    80302 

The  results  of  observing  the  radiation  from  lightning  discharge  processes  indicated  that 
major  radio  frequency  electrical  activity  was  associated  with  the  tornado-producing  severe 
storms  that  struck  Oklahoma  City  during  this  period.  Rates  of  occurrence  of  atmospherics 
at  frequencies  from  10  kHz  to  above  3  MHz  were  observed  by  using  short  time  constant 
circuits  to  preserve  the  burst  nature  of  the  received  impulse  signals.  It  is  suggested  that  the 
parameter  most  indicative  of  tornadic  activity  is  the  number  of  bursts  of  high  atmospherics 
rates  at  frequencies  above  about  1  MHz. 


A  project  to  search  for  possible  electromag- 
netic signatures  suitable  for  tornado  detection 
was  initiated  in  1969  by  the  Institute  for  Tele- 
communication Sciences  of  the  Environmental 
Science  Services  Administration.  This  project 
was  subsequently  assigned  to  the  Wave  Prop- 
agation Laboratory  in  the  Environmental  Re- 
search Laboratories  of  the  National  Oceanic 
and  Atmospheric  Administration.  This  paper 
summarizes  the  electromagnetic  observations 
conducted  during  April  29  and  30,  1970,  and 
includes  an  interpretation  of  the  recorded  data. 

The  concentration  of  energy  within  the  rela- 
tively small  volume  of  a  tornado  has  been  the 
subject  of  much  investigation  for  more  than  a 
century,  but  this  concentration  has  not  been 
explained  in  terms  of  the  energy  budget.  The 
power  required  to  drive  a  tornado  vortex  has 
been  estimated  to  exceed  108  kw  [Vonnegut, 
1960],  yet  this  is  small  in  comparison  with  the 
energy  available  in  a  single  thunderstorm  cell, 
which  may  exceed  10*  kw  [Braham,  1952]. 
Various  theories  have  been  proposed  over  the 
years  that  suggest  that  a  tornado  may  be  pro- 
duced by  the  concentration  of  kinetic  energy 
resulting  from  the  conservation  of  angular  mo- 
mentum through  some  not  yet  understood 
mechanism  associated  with  the  intense  electrical 
activity  often  observed  during  severe  storms. 

Many  eyewitness  accounts  of  unusual  elec- 
trical activity  in  and  around  tornados  have  been 
reported  during  the  last  20  or  30  years.  Jones 
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[1950]  gives  accounts  of  lightning  and  thunder 
during  a  tornado  being  decidedly  different  from 
that  during  ordinary  thunderstorms,  for  ex- 
ample, the  presence  of  St.  Elmo's  fire  in  the 
vicinity  of  a  tornado  funnel  and  the  rapid  oc- 
currence of  'one  stroke  right  after  another'  at 
the  base  of  a  cloud  just  ahead  of  the  funnel. 
Jones  [1965]  also  reported  nighttime  observa- 
tions of  approximately  circular  patches  of  flash- 
ing pale  blue  illumination  originating  from 
within  severe  storms.  Vonnegut  [1960]  refer- 
ences some  observations  that  are  indicative  of 
intense  electrical  discharges  near  and  within  the 
funnel. 

Jones  [1959]  reported  that  the  atmospherics 
rate  in  the  10-kHz  region  of  the  spectrum  in- 
creased as  the  intensity  of  a  thunderstorm  in- 
creased but  decreased  to  a  relatively  small  value 
prior  to  a  tornado  formation.  However,  the 
atmospherics  rate  at  150  kHz  greatly  increased 
during  the  formation  of  a  tornado.  More  re- 
cently, the  effects  observed  on  television  sets 
tuned  to  channel  2  (54  MHz)  have  been  re- 
ported by  Waite  and  Welter  [1969]  and  by 
Biggs   and    Waite    [1970]. 

The  electrical  charges  within  a  thunderstorm 
cloud  are  usually  dispersed  throughout  the 
cloud  and  discharged  to  the  earth  by  the  dis- 
crete current  surges  of  lightning  strokes.  Elec- 
tromagnetic fields  radiated  during  lightning 
strokes,  called  atmospherics,  contain  frequency 
components  extending  from  a  few  hertz  to  many 
megahertz.   Reviews  of  the  complex  structure 
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of  these  fields  are  given  by  Horner  [1964], 
Oetzel  and  Pierce  [1969],  and  Taylor  [1972]. 
The  responses  of  receivers  tuned  to  frequencies 
less  than  about  30  kHz  are  discrete  and  are 
easily  associated  with  return  strokes  in  a  cloud- 
to-ground  discharge.  As  observing  frequency  in- 
creases, the  number  of  responses  increases  to 
several  thousand  at  frequencies  above  10  MHz 
and  results  from  the  high  rate  of  electromag- 
netic impulses  radiated  from  various  intracloud 
processes  during  the  lightning  discharge. 

If  appreciable  electric  currents  do  flow  either 
within  or  in  close  association  with  the  tornado 
funnel,  as  is  indicated  by  Brook  [1967],  and 
are  widely  distributed  within  the  parent  storm 
cloud,  the  process  might  well  tend  to  be  almost 
continuous  in  the  form  of  corona  sparks  or  a 
gaseous  glow.  This  would  tend  to  reduce  the 
energy  radiated  at  lower  frequencies  from  re- 
turn strokes  and  increase  the  energy  partitioned 
into  higher  frequencies  from  short-distance 
rapid  occurrence  dispersive  processes  within  the 
cloud. 

Recent  works  of  SUberg  [1965],  Stanford 
et  al.  [1971],  and  Taylor  [1972]  show  that  en- 
hancements in  impulse  counting  rates  occur  at 
times  of  reported  tornados  and  that  high-fre- 
quency receivers  are  better  monitors  than  re- 
ceivers tuned  to  the  lower  portion  of  the  radio 
spectrum.  But  the  tornado  vortex  may  not  be 
the  source  of  these  impulses,  for  Scouten  et  al. 
[1972]  suggest  that  a  general  intense  electrifica- 
tion of  the  parent  thunderstorm  may  produce 
the  observed  increase  in  activity. 

The  present  paper  is  concerned  with  the 
selection  of  electromagnetic  parameters  that 
are  practical  to  monitor  and  have  a  high  prob- 
ability of  being  sensitive  indicators  of  tornadic 
conditions. 

Instrumentation 

The  initial  work  in  May  1969  using  a  mobile 
van  operating  in  central  Oklahoma  consisted  of 
intermittent  observations  of  the  resonant  circuit 
responses  at  six  frequencies  in  the  10-  to  500- 
kHz  region  using  single-stage  filters  with  1-kHz 
bandwidths.  The  analysis  of  these  initial  data 
showed  that  new  equipment  having  greater  dy- 
namic range  and  wider  bandwidth  filters  and 
extending  to  much  higher  frequencies  would 
be  required  to  define  properly  the  character- 


istics of  radio  frequency  electromagnetic  radia- 
tion from  severe  storms. 

The  design  of  equipment  for  the  observation 
of  electromagnetic  signals  from  lightning  dis- 
charge processes  was  dictated  in  part  by  the 
results  from  the  1969  observations,  the  cost  of 
the  instrumentation,  and  the  need  to  record 
some  parameter  closely  associated  with  thunder- 
storm activity.  To  record  and  analyze  the  am- 
plitude responses  of  several  resonant  circuits  for 
individual  impulses  would  require  elaborate  and 
expensive  equipment.  It  was  decided  to  observe 
the  rate  of  occurrence  of  atmospherics,  which 
would  be  represented  by  the  average  number 
of  resonant  circuit  responses  exceeding  certain 
amplitude  levels  per  unit  of  time. 

Two  vertical  monopole  antennas  with  asso- 
ciated gain  controls  and  amplifiers  were  used 
to  cover  the  frequency  band  from  10  kHz  to 
3.16  MHz.  Each  antenna  was  0.63  cm  in  diam- 
eter and  1  meter  in  length  and  had  a  15-cm 
hemispherical  corona  cap  at  the  top  and  an 
antenna  coupler  at  the  base.  The  corona  cap 
greatly  reduced  the  occurrence  of  corona  on 
the  antenna.  It  added  only  3  pF  to  the  antenna 
capacity  of  15  pF  and  did  not  otherwise  affect 
the  antenna  response.  The  antenna  coupler  was 
secured  to  a  4-foot-square  aluminum  base,  and 
the  whole  unit  was  enclosed  in  a  plexiglass  dome. 
The  low-frequency  system  band  pass  (3-db 
reduction  in  response)  from  antenna  input  to 
the  distribution  amplifier  output  extended  from 
2  kHz  to  600  kHz.  Band  pass  of  the  high-fre- 
quency system  was  from  300  kHz  to  5  MHz. 

Calibrations  were  performed  by  inserting 
rectangular  pulses  into  the  antenna  coupler 
through  a  dummy  antenna  equivalent  to  the 
antenna  capacity.  The  amplitude  of  the  pulses 
was  adjusted  to  be  equivalent  to  that  of  the 
desired  free  space  field.  The  length  of  the  pulses 
was  adjusted  to  produce  the  same  Fourier  spec- 
trum amplitude  at  a  particular  frequency,  and 
thus  the  same  tuned  circuit  response,  as  would 
be  obtained  from  a  single  voltage  step  function 
of  the  desired  amplitude.  The  amplitude  re- 
sponses of  all  the  tuned  circuits  were  the  same, 
since  the  decrease  in  spectral  amplitude  of  the 
pulse  was  just  compensated  by  the  increase  in 
bandwidth  as  the  channel  frequency  increased. 
The  actual  pulse  used  had  a  rise  time  of  about 
0.05  jusec,  which  caused  the  pulse  spectrum  to 
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change  from  6  db  per  octave  to  12  db  per 
octave  at  a  frequency  of  about  5  MHz. 

After  the  threshold  levels  were  adjusted,  each 
recorder  response  was  calibrated  for  atmo- 
spherics rates  by  using  rectangular  pulses  of 
the  proper  amplitude  and  pulse  length  for  each 
channel.  Atmospherics  rates  were  calibrated 
each  decade  starting  with  5  pulses/sec  for  10 
kHz,  100  kHz,  and  1  MHz  and  starting  with 
1.6  pulses/sec  for  31.6  kHz,  316  kHz,  and  3.16 
MHz.  The  maximum  rate  to  which  a  set  of 
channels  could  respond  was  limited  by  the 
bandwidth. 

Thirty  channels  of  atmospherics  rate  data 
were  available  for  presentation.  Observation 
frequencies  were  10  kHz,  31.6  kHz,  100  kHz, 
316  kHz,  1  MHz,  and  3.16  MHz  with  five 
amplitude  threshold  levels  for  each  frequency. 
These  levels  corresponded  to  electromagnetic 
fields  at  the  antenna  of  0.316,  1.0,  3.16,  10.0, 
and  31.6  v/m,  which  are  -10  db,  0  db,  10  db, 
20  db,  and  30  db,  respectively,  relative  to  1.0 
v/m.  Integration  time  constants  were  inversely 
proportional  to  frequency,  varying  from  1.0 
seconds  at  10  kHz  to  a  minimum  of  0.01  sec- 
onds at  1.0  and  3.16  MHz.  All  of  the  atmo- 
spherics rate  data  were  recorded  on  FM  mag- 
netic tapes.  These  tapes  were  played  back  and 
the  data  transcribed  onto  paper  charts.  Repro- 
ductions from  the  paper  charts  were  cut  into 
narrow  strips,  aligned  in  time,  and  presented 
in  a  single  figure  for  a  particular  selection  of 
data  to  assist  the  eye  in  following  related  events. 
Although  other  frequencies  and  other  channels 
of  data  were  obtained,  these  will  not  be  pre- 
sented here. 

A  simplified  block  diagram  and  the  associated 
circuit  responses  for  the  atmospherics  rate 
equipment  are  shown  in  Figure  1.  A  transient 
signal  radiated  from  a  lightning  discharge  proc- 
ess arrived  at  the  antenna.  The  transient  passed 
through  a  high-input  impedance  antenna  cou- 
pler, which  in  turn  drove  the  transient  through 
about  70  meters  of  coaxial  cable  to  the  main 
equipment  van.  It  was  then  distributed  to  the 
appropriate  single  stage  tuned  circuits,  which 
were  resonant  at  the  desired  frequencies.  The 
bandwidth  of  each  tuned  circuit  was  10%  of 
its  center  frequency.  The  response  signal  was 
presented  to  a  logarithmic  amplifier  and  then 
rectified  and  smoothed.  Five  trigger  circuits 
were   individually  adjusted   to  activate  a  one- 
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Fig.  1.    Simplified  block  diagram  and  circuit  re- 
sponses for   atmospherics  rate  equipment. 


shot  multivibrator  each  time  the  signal  exceeded 
a  predetermined  level.  The  output  of  each  one- 
shot  was  integrated  with  a  suitable  time  con- 
stant and  presented  to  a  data  recorder  through 
a  logarithmic  output  driver. 

The  25-/isec  time  base  for  the  circuit  re- 
sponses in  Figure  1  is  appropriate  for  a  1-MHz 
channel.  A  single  transient  is  hardly  recogniz- 
able in  the  atmospherics  rate  data  sample 
shown,  which  was  for  a  0.01-sec  integration  time 
constant.  Overall  measured  response  time  to 
90%  of  the  actual  atmospherics  rate  was  about 
twice  the  time  constant.  The  recorded  atmo- 
spherics rate  for  a  very  short  duration  burst  of 
impulses  would  be  less  than  the  actual  rate. 
Very  few  bursts  are  less  than  20  msec,  however, 
and  therefore  the  indicated  rates  should  be  rea- 
sonably accurate.  The  atmospherics  rate  data 
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can  be  interpreted  as  the  running  average  num- 
ber of  atmospherics  producing  tuned  circuit  re- 
sponses exceeding  a  selected  amplitude  thresh- 
old. A  burst  is  defined  as  a  group  or  packet  of 
atmospherics  that  arrive  at  relatively  high  rates 
and  have  a  duration  usually  greater  than  0.1 
sec  but  less  than  1.0  sec. 

The  direction  of  arrival  of  atmospherics  was 
obtained  from  two  orthogonally  positioned  loop 
antennas  in  the  vertical  plane  combined  with 
the  vertical  electric  antenna  for  sense.  Each 
loop  consisted  of  16  turns  on  a  0.7-meter-square 
frame  covered  by  an  electrostatic  shield.  This 
was  a  relatively  wide  band  directional  unit  in 
which  the  frequency  response  extended  from  2 
kHz  to  600  kHz.  A  cathode  ray  tube  of  an  oscil- 
loscope was  used  to  indicate  the  directions,  and 
a  35-mm  camera  was  used  to  record  the  cathode 
ray  tube  display.  The  camera  was  operated  in- 
termittently in  an  open  shutter  strip-film  mode 
at  a  rate  of  one  time  exposure  frame  each  sec- 
ond or  was  operated  so  that  time  exposures  of 
several  minutes  were  obtained. 

Loop  antennas  respond  to  both  the  vertical 
and  the  horizontal  component  of  signals.  It  is 
the  horizontal  component  that  causes  what  is 
referred  to  as  polarization  error  in  a  crossed- 
loop  direction-finding  unit.  The  error  in  the 
indicated  direction  will  be  a  function  of  the 
polarization  of  the  source  and  the  angle  of 
elevation  as  viewed  from  the  loops.  The  polariza- 
tion of  the  source  (i.e.,  the  ratio  of  horizontal 
to  vertical  orientation  of  the  discharge  current 
moments)  may  become  very  large  in  severe 
storms,  as  was  indicated  recently  by  Shan- 
mugam  and  Pybus  [1971].  Angle  of  elevation 
is  determined  by  range  and  height.  The  height 
can  be  appreciable,  as  is  shown  by  Atlas  [1959] 
and  Taylor  [1969],  but  only  a  small  percentage 
of  lightning  discharges  are  likely  to  exceed  a 
height  of  10  km.  At  very  close  ranges  of  about 
10  km  or  less,  where  the  angle  of  elevation  is 
large,  directional  errors  become  very  large,  and 
crossed-loop  direction-finding  systems  become 
essentially  useless.  But  azimuthal  error  de- 
creases very  rapidly  as  distance  increases.  For 
30-km  range  the  error  is  not  likely  to  exceed 
10°  for  a  source  polarization  ratio  of  1  and  a 
height  of  5  km.  The  error  for  50-km  range  will 
be  less  than  5°,  which  is  approximately  the 
azimuthal  spread  in  direction  expected  from 
many   discharge   processes  observed   from   this 


range.  If  the  whole  discharge  containing  random 
polarization  of  current  moments  is  observed, 
then  the  polarization  error  of  the  crossed  loops 
will  produce  a  random  distribution  in  indicated 
direction  around  the  true  azimuth  to  the  source. 
Thus  a  discharge  at  30-km  range  will  produce 
a  distribution  in  the  indicated  azimuth  to  each 
element  of  the  discharge  and  may  result  in  a 
direction  pattern  that  is  20°  wide.  However, 
the  center  of  the  distribution  should  give  the 
true  azimuth  to  the  center  part  of  the  discharge, 
provided  there  is  no  preferred  orientation  of 
the  current  moment  polarizations.  Other  di- 
rectional errors  resulting  from  loop  construc- 
tion, local  site  conditions,  and  scaling  techniques 
are  estimated  to  be  less  than  2°. 

Observations    and   Analyses 

The  recording  equipment  was  located  in  a 
large  van  near  the  National  Severe  Storms 
Laboratory  (NSSL)  at  Norman,  Oklahoma. 
Thunderstorm  areas  were  tracked  by  associat- 
ing the  observations  of  atmospherics  activity 
from  the  direction  of  arrival  display  with  pre- 
cipitation echoes  from  WSR-57  weather  radar 
operated  by  NSSL.  Data  recording  was  started 
when  thunderstorm  activity  began  to  either 
grow  within  or  move  into  the  general  Oklahoma 
area,  and  the  recording  ended  when  the  thun- 
derstorms began  to  dissipate  or  move  outside 
a  range  of  about  100  km. 

During  the  1970  spring  tornado  season  in 
Oklahoma,  93  hours  of  observations  were  re- 
corded during  13  periods  of  thunderstorm  ac- 
tivity in  April  and  May.  The  data  presented  in 
this  paper  include  only  those  obtained  during 
an  observation  period  totaling  13%  hours  be- 
ginning at  1900  GMT  on  April  29  and  ending 
at.  0830  on  April  30,  1970. 

Thunderstorms  began  to  build  by  1500  GMT 
on  April  29  and  were  numerous  in  central  Okla- 
homa by  1800  GMT,  although  atmospherics 
activity  was  very  low  at  that  time.  Movement 
of  the  thunderstorms  during  all  of  the  observa- 
tions was  toward  the  northeast  at  about  75 
km/hr.  Tracings  of  the  NSSL  radar  echoes  are 
presented  in  Figure  2  to  give  an  overall  qualita- 
tive view  of  the  weather  picture  during  the 
main  period  of  thunderstorm  activity.  The 
complexity  of  the  weather  as  indicated  by  these 
radar  tracings  is  obvious  as  one  follows  the 
movement,  of  the  manv  storm   areas  and   the 
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Fig.  2.  Qualitative  radar  tracings  for  April  29-30,  1970.  Inner  circle  is  100-km  range;  outer 
circle  is  185-km  range.  Approximate  times  of  the  radar  frame  from  which  the  tracings  were 
made  are  («)  2230  GMT,  (6)  2300  GMT,  (c)  0000  GMT,  (d)  0100  GMT,  (e)  0200  GMT, 
(/)  0300  GMT,  (g)  0400  GMT,  (h)  0500  GMT,  (i)  0600  GMT,  (;)  0700  GMT,  (fc)  0730 
GMT,  (/)  0745  GMT.  NSSL  is  at  the  cross  in  the  center  of  the  circles,  north  is  up,  and 
cast  is  to  the  right. 


changes  in  shape  and  intensity  of  each  area  as 
a  function  of  time.  Storm  areas  that  will  be 
referred  to  later  in  the  text  are  numbered  to  aid 
in  their  identification  and  in  following  the 
movement  of  these  particular  echoes. 

An  example  of  weather  radar  precipitation 
areas  and  of  the  corresponding  atmospherics 
direction  of  arrival  display  is  shown  in  Figure  3. 
Range  from  the  center  of  the  radar  frame  is 
given  as  93  and  185  km.  The  darkest  portions 
represent  locations  of  heaviest  precipitation. 
The  approximately  circular  radar  echo  area  in 


the  center  of  the  frame  resulted  from  ground 
clutter.  The  length  of  each  trace  from  the  cen- 
ter of  the  direction  of  arrival  display  is  propor- 
tional to  the  atmospherics  pulse  amplitude.  The 
darkest  parts  of  the  display  indicate  directions 
to  the  most  active  thunderstorms.  Number  de- 
signations are  shown  to  assist  in  identifying  some 
of  the  thunderstorm  areas  with  the  correspond- 
ing direction  of  arrival  of  atmospherics.  The 
radar  frame  shown  in  Figure  3  is  for  the  same 
time  as  the  radar  tracing  presented  in  Fig- 
ure 2a. 
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Fig.  3.    Examples  of  radar  and  direction  of  ar- 
rival  for  April  29,   1970,  at  2230   GMT. 


Thunderstorm  areas  2,  3,  6,  and  7  are  distinc- 
tive on  the  direction  of  arrival  display  and 
readily  located  on  the  radar  frame  in  Figure  3. 
Some  of  the  other  indicated  precipitation  areas 
and  directional  displays  are  not  as  easily  re- 
lated. The  large  precipitation  area  between 
storms  2  and  3  produced  few  large  atmo- 
spherics, as  was  the  situation  with  storms  3  and 
4.  Storm  8  produced  no  large  atmospherics. 
Widespread  atmospherics  activity  from  storm 
areas  9,  10,  11,  and  12  was  indicated.  Area  1 
produced  a  recognizable  number  of  atmo- 
spherics. 

The  electrical  activity  of  the  thunderstorms 
shown   in   Figure  3  was  very  low   when   com- 


pared with  the  activity  observed  during  severe 
storm  conditions.  Although  the  atmospherics  di- 
rection of  arrival  display  seems  to  indicate  a 
large  number  of  atmospherics  from  the  various 
storms,  this  presentation  resulted  from  a  time 
exposure  of  18  min.  The  thunderstorms  moved 
a  considerable  distance  during  this  period,  and 
thus  a  large  change  in  direction  of  arrival  for 
some  storms  resulted.  The  greatest  change  in 
direction  would  be  noticed  for  those  storms 
located  perpendicular  to  the  direction  of  storm 
movement  (i.e.,  storms  4  and  12),  and  the  least 
change  in  direction  would  be  for  storms  located 
along  the  line  of  movement  (i.e.,  storms  2 
and  7). 

Exposure  times  were  adjusted  to  compensate 
partly  for  variations  in  storm  activity.  As  will 
be  shown  later,  a  time  exposure  of  only  1  sec 
was  sufficient  for  obtaining  directional  informa- 
tion from  some  very  active  severe  storms.  Pho- 
tographic records  were  not  made,  unfortunately, 
in  a  consistent  manner  during  these  observa- 
tions. Also  the  quality  of  some  records  was 
often  poor  because  of  distortion  of  the  large 
amplitude  atmospherics  caused  by  limitations 
in  the  amplifier  circuits,  an  intermittent  light 
leak  in  the  camera,  and  elliptical  or  loopy  di- 
rectional traces  produced  from  nearby  horizontal 
lightning  channels.  Therefore  no  further  ex- 
amples of  long  time  exposure  direction  of  arrival 
data  will  be  presented. 

Two  examples  of  atmospherics  rate  data  for 
an  approximate  2-min  period  each  are  shown 
in  Figures  4  and  5.  Each  channel  is  aligned  in 
time  and  arranged  with  the  5  channels  of  10- 
kHz  rates  at  the  top,  channels  6-10  for  31.6 
kHz  next,  etc.  The  frequency  for  each  group  of 
channels  is  indicated  in  a  column  on  the  far  left 
of  the  figure.  The  threshold  in  volts  per  meter, 
which  is  the  amplitude  level  the  atmospherics 
must  exceed  before  activating  the  counting  cir- 
cuits in  each  channel,  is  presented  in  the  second 
column  on  the  left  for  the  odd-numbered  chan- 
nels and  in  the  far  right  column  for  the  even- 
numbered  channels.  Thus  the  lower  frequencies 
are  nearer  the  top,  the  threshold  level  increas- 
ing from  top  to  bottom  within  each  frequency. 
The  data  format  is  rate  versus  time,  the  atmo- 
spherics rates  on  an  approximate  logarithmic 
scale  being  presented  just  to  the  left  of  the  data 
for  odd-numbered  channels  and  just  to  the  right 
of   the   data    for  even-numbered   channels.  At- 
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mospherics  were  calibrated  each  decade  begin- 
ning at  either  1.6  or  5.0  impulses  per  second. 
For  example,  channel  17  is  the  second  channel 
of  the  316-kHz  group.  This  is  an  odd-numbered 
channel  for  which  the  threshold  level  of  1.0 
v/m  is  found  on  the  left  together  with  a  rate 
scale  that  extends  from  0  to  16k  per  second, 
where  k  denotes  thousands.  The  two  other 
marks  on  the  rate  scale  are  for  160  and  1.6k 
impulses  per  second.  When  a  zero  rate  is  in- 
dicated, the  rate  varies  approximately  linearly 
between  zero  and  the  first  rate  mark  and  log- 
arithmically thereafter.  Indicated  rates  are 
shown  in  decades,  and  the  marks  indicate  rates 
counted  down  from  the  highest  rate.  Small  rate 
values  not  marked  are  identical  with  zero. 
Greenwich  mean  time  is  shown  along  the  bot- 
tom, the  vertical  grid  lines  being  separated  by 
about  2  sec.  Time  marks  are  shown  as  square 
pulses  on  channels  5,  10,  15,  and  25. 

The  data  shown  in  Figure  4  are  representa- 
tive of  relatively  low  levels  of  atmospherics 
activity  seemingly  characteristic  of  nonsevere 
thunderstorms.  Figure  5  data,  however,  are 
representative  of  relatively  high  levels  of  ac- 
tivity observed  from  the  more  intense  storms. 
The  overall  responses  of  the  10-  and  31.6-kHz 
channels  were  very  similar  when  these  two 
figures  were  compared.  Differences  were  begin- 
ning to  show  in  a  comparison  of  the  100-kHz 
channels  and  became  substantial  in  a  com- 
parison of  data  channels  for  frequencies  equal 
to  or  greater  than  316  kHz. 

The  general  characteristic  of  the  atmospherics 
rate  data  at  a  given  frequency  will  be  at  least 
in  part  a  function  of  the  threshold  level.  The 
lower  threshold  levels  (e.g.,  channels  1,  6,  11) 
will  be  exceeded  not  only  by  the  small  lightning 
discharges  from  nearby  sources  but  also  by  the 
large  lightning  discharges  from  very  distant 
sources.  This  situation  produces  very  high  at- 
mospherics rates,  which  tend  to  mask  the  varia- 
tion in  discharge  rates  from  nearby  storms. 
Very  high  threshold  levels  (e.g.,  channels  5, 
10,  15)  will  be  exceeded  only  by  the  large  light- 
ning discharges  from  local  sources,  the  result 
being  only  a  few  occurrences  of  very  low  at- 
mospherics rates. 

To  obtain  a  measure  of  the  electrical  activity 
of  a  storm,  the  average  number  of  bursts  of 
atmospherics  per  minute  obtained  from  a  5-min 
sample  of  data  was  calculated  for  data  chan- 


nels 18,  23,  and  27.  These  represented  fre- 
quencies 316  kHz,  1.0  MHz,  and  3.16  MHz, 
respectively,  at  threshold  levels  of  3.16,  1.0, 
and  1.0  v/m.  These  levels  were  chosen  as  rep- 
resenting the  amplitude  of  atmospherics  ex- 
pected from  thunderstorms  at  ranges  less  than 
100  km  and  approximately  compensate  for 
some  of  the  propagation  losses  expected  at  the 
1-  and  3.16-MHz  frequencies.  Bursts  were 
counted  only  if  the  atmospherics  rates  exceeded 
the  observing  frequency  in  kilohertz.  The  aver- 
age values  of  the  burst  rates  computed  each 
30  min  during  the  period  from  2100  GMT, 
April  29,  to  0830  GMT,  April  30,  for  the  se- 
lected data  channels  were  connected  by  a 
smooth  curve  and  shown  in  the  upper  portion 
of  Figure  6.  Three  major  periods  of  high  elec- 
trical activity  as  manifested  by  these  burst 
rates  are  indicated  near  0000,  0500,  and  0715 
GMT.  The  ranges  to  the  major  thunderstorms 
previously  identified  by  numbers  in  Figure  2 
are  shown  as  a  function  of  time  in  the  lower 
portion  of  Figure  6.  Range  curves  from  storms 
6,  15,  16,  17,  and  18  are  shown  heavier  to 
indicate  that  these  storms  were  identified  by 
the  direction  of  arrival  measurements  as  being 
major  sources  of  atmospherics.  Range  was 
measured  from  NSSL  to  the  center  of  the 
heaviest  precipitation  in  each  thunderstorm  by 
means  of  the  radar  data.  As  can  be  seen  from 
Figure  2,  radar  echoes  often  extend  out  30-40 
km  or  more  from  the  center  of  large  storms. 
It  is  not  difficult  to  see  that,  although  no  storm 
center  passed  over  NSSL,  the  outside  parts 
of  many  storms  were  much  nearer  than  is  indi- 
cated in  Figure  6,  and  indeed,  on  several  oc- 
casions, precipitation  and  lightning  discharges 
in  the  vicinity  of  the  recording  equipment  were 
experienced. 

By  reference  to  the  presentations  in  Figures 
2  and  6,  the  relationships  between  weather 
conditions  and  observed  burst  rates  can  easily  be 
inferred.  Storms  2,  3,  and  4  passed  east  of 
NSSL  between  2100  and  2300  GMT  but  were 
electrically  inactive.  To  the  west,  storms  11 
and  12  moved  by  between  2200  and  0100  GMT 
and  were  likewise  inactive  in  the  production  of 
atmospherics.  Storm  6  began  to  grow,  as  was 
indicated  by  radar,  at  about  2200  GMT  and 
reached  a  maximum  around  0000  GMT.  This 
was  the  most  active  single  storm  area  at  2230 
GMT,  as  is  shown  in  Figure  3.  The  burst  rate 
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for  storm  6  was  very  low,  however,  until  about 
2330  GMT  and  then  reached  a  maximum 
value  of  about  7  per  minute  at  0000  GMT.  By 
this  time  it  was  moving  away  from  NSSL  and 
began  to  decrease  slowly  in  both  size  and  in- 
tensity. 

Storm  8  never  showed  any  electrical  activity 
and  passed  just  west  of  NSSL  at  about  0030 
GMT  before  completely  dissipating.  Atmo- 
spherics activity  from  storm  7,  although  it  was 
never  very  great,  steadily  decreased  as  the 
center  moved  to  the  east  of  NSSL,  and  radar 
echoes  were  no  longer  observed  after  about 
0300  GMT.  Radar  showed  that  storm  13  began 
before  0100  GMT  and  continued  to  grow  as  it 
passed  out  of  the  range  of  interest,  but  only 
very  low  electrical  activity  was  observed. 

Storms  15  and  16  began  as  a  single  storm 
but  separated  into  two  areas  by  0300  GMT. 
As  this  storm  complex  separated,  the  individual 
storm  areas  grew  rapidly  in  size  and  intensity, 
as  was  indicated  by  radar.  The  burst  rate 
began  to  increase  when  storm  15  moved  inside 
the  100-km  range.  By  0355  GMT,  the  time  of 
the  example  of  low  burst  rates  given  in  Figure 
4,  the  burst  rate  had  reached  about  6  per 
minute.  The  center  of  storm  15  at  this  time  was 
located  due  west  of  NSSL  at  a  range  of  45  km. 

A  large  burst,  typical  of  a  ground  discharge, 
is  shown  just  to  the  left  of  the  column  of  chan- 
nel numbers  in  Figure  4.  The  duration  of  this 
burst  was  about  1  sec  for  the  lower  threshold 
levels.  It  is  interesting  to  note  that  at  these 


lower  thresholds  the  atmospheric  rates  are  ap- 
proximately proportional  to  the  observing  fre- 
quency. Thus  for  this  particular  example  the 
atmospherics  rates  vary  as  50  times  the  fre- 
quency in  kilohertz,  changing  from  about  500 
per  second  for  10-kHz  channel  1  to  about  160k 
per  second  for  3.16-MHz  channel  26.  Most  of 
the  small-rate  bursts  are  evidently  from  small 
intracloud  discharge  processes  not  usually  re- 
garded as  primary  discharges. 

The  rates  obtained  from  the  large-burst  ex- 
ample shown  in  Figure  4  do  not  seem  to  be 
seriously  limited  by  the  bandwidth.  The  single 
tuned  resonant  circuits  and  associated  equip- 
ment could  respond  to  atmospherics  at  rates  of 
100  times  the  frequency  in  kilohertz  provided 
the  amplitude  of  the  largest  atmospherics  in  the 
burst  did  not  exceed  4  times  the  threshold 
level.  (The  instantaneous  response  of  the  reso- 
nant circuit  must  decay  below  the  threshold 
level  before  the  next  atmospheric.  Actually, 
the  largest  amplitude  atmospherics  can  be  16 
times  the  threshold  level  before  limiting  the 
counting  rate  to  below  50  times  the  frequency.) 

Atmospherics  from  storm  16  began  to  con- 
tribute to  the  burst  rates  after  0400  GMT.  The 
burst  rates  continued  to  increase  until  a  maxi- 
mum of  about  25  bursts  per  minute  was  reached 
at  0500  GMT,  when  both  storms  15  and  16 
were  at  about  40-km  range  and  each  was  con- 
tributing equally  to  the  received  atmospherics. 
At  0526  GMT,  storm  16  was  at  its  closest  ap- 
proach at   a   range  of  25   km,  while  storm   15 
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had  moved  away  to  a  range  of  70  km.  Examina- 
tion of  the  direction  of  arrival  data  indicated 
that  storm  15  reached  maximum  activity  near 
0455  GMT,  storm  16  attained  maximum  ac- 
tivity around  0515  GMT,  and  at  0526  GMT 
storm  16  was  contributing  about  65%  of  the 
total   received    atmospherics  activity. 

The  atmospherics  rate  data  around  0526 
GMT,  representative  of  a  relatively  high  level 
of  electrical  activity  from  primarily  a  single 
storm  area,  can  be  seen  by  referring  again  to 
Figure  5.  The  average  burst  rate  computed 
from  channels  18,  23,  and  27  was  about  22  per 
minute.  By  0600  GMT  the  range  to  storm  16 
had  increased  to  about  40  km,  but  the  average 
burst  rate  had  decreased  to  one  third  of  its 
previous  value  as  the  storm  rapidly  declined 
in  electrical   activity. 

Storm  17  moved  toward  NSSL  from  the 
WSYV  and  reached  a  minimum  range  of  50  km 
at  0645  GMT.  A  hooked  radar  echo  formed 
on  the  southwest  edge  of  this  storm  and  was 
associated  with  a  long  path  of  damage  through 
the  northwest  and  northern  extremities  of  Okla- 
homa City.  The  damage  was  scattered  and 
broken  along  the  path  but  was  believed  to  be 
tornadic  in  nature.  The  location  of  this  tornadic 
disturbance  relative  to  the  radar  echoes  is 
shown  in  Figures  la  and  8<z  at  the  tip  of  the 
arrow*  marked  1.  These  radar  displays  were 
from  a  system  that  provided  intensity  contours 
in  a  sequence  of  shades,  dim,  bright,  dark,  dim, 
bright,  and  dark,  in  ascending  received  echo 
power  \Sirmans  ct  al.,  1970].  The  range  to 
this  area  of  the  storm  producing  the  damage 
is  shown  in  the  lower  part  of  Figure  6  as  the 
dashed  line  A. 

Storm  18  moved  along  a  path  almost  identi- 
cal to  storm  17  but  much  faster,  sustaining 
an  average  speed  of  about  100  km/hr.  The 
closest  approach  of  the  center  of  maximum 
radar  echo  intensity  was  at  0730  GMT  at  a 
range  of  55  km.  The  central  part  of  the  storm 
18  complex  tended  to  rotate  counterclockwise 
around  the  most  intense  radar  echo.  The  south- 
ern part  of  this  reached  the  NSSL  facilities  at 
about  0745  GMT  and  disrupted  the  ac  power, 
and  so  further  radar  observations  were  pre- 
vented. Ranse  to  the  leading  edge  of  this 
region  of  storm  Is  is  shown  in  Figure  6  as  the 
solid  line  branching  off  from  the  range  curve 
for  storm   IS  at  0700  GMT  and  reaching  zero 


range  at  aboul  0745  GMT.  A  path  of  tornadic 
damage  was  produced  in  the  western  and  north- 
ern parts  of  Oklahoma  City  associated  with  the 
rapidly  moving  central  part  of  storm  18,  as  is 
indicated  by  the  tip  of  arrows  marked  2  in 
Figures  la  and  8a.  This  tornado  was  generally 
at  treetop  heights  and  only  occasionally  reached 
ground  level.  Range  to  the  tornado  is  shown 
in  Figure  6  as  the  dashed  line  B. 

It  is  difficult  to  interpret  properly  the  burst 
rate  data  observed  after  about  0630  GMT  be- 
cause of  the  complexities  associated  with  storms 
17  and  IS.  Figure  la  shows  the  radar  data  for 
0703  GMT.  Figures  lb,  c,  and  d  show  the  at- 
mospherics direction  of  arrival  during  three 
consecutive  1-sec  time  exposures.  These  three 
exposures  are  similar  to  the  directional  data 
previously  presented  but  are  for  a  time  period 
of  only  1  sec  each,  compared  with  several 
minutes  for  the  other  data.  The  camera  shutter 
was  open  continuously,  and  the  film  was  ad- 
vanced between  frames  at  a  transport  speed 
of  25  cm/sec,  which  required  only  a  small  frac- 
tion of  a  second. 

Atmospherics  activity  as  indicated  by  the 
1-sec  direction  of  arrival  frames  tended  to  be 
more  persistent  from  the  directions  of  about, 
305°  and  350°,  as  indicated  by  the  arrows  in 
Figures  76,  r,  and  d.  These  directions  are 
marked  on  Figure  la  and  approximately  pass 
through  the  stronger  radar  echoes  of  storms 
17  and  18  as  indicated  by  the  placement  of  their 
identifying  numbers.  Note  that  there  are  rela- 
tively few  atmospherics  from  either  the  direc- 
tion of  tornado  1  (335°  at  41  km)  or  the 
direction  of  the  genesis  of  tornado  2  (265°  at 
55  km). 

The  radar  echoes  for  0730  are  shown  in 
Figure  Ha,  and  three  consecutive  1-sec  direction 
of  arrival  displays  are  shown  in  Figures  86,  c, 
and  d.  The  directions  to  the  various  parts  of 
storms  17  and  IS  shifted  in  respect  to  their 
relative  movements.  The  primary  direction 
from  which  most  atmospherics  arrived  was 
about  335°;  the  secondary  direction  from  which 
a  substantial  but  smaller  number  arrived  was 
about  5°.  These  directions  are  shown  in  Figure 
Sa  and  indicated  by  arrows  in  Figures  86,  r, 
and  d.  Most  of  the  atmospherics  still  seemed 
to  come  from  the  general  directions  of  the 
stronger  radar  echoes,  although  at  this  time 
there  was  no  way   to   distinguish  the   possible 
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Fig.  7.  Radar  echoes  and  atmospherics  direction  of  arrival  at  0703  GMT,  April  30,  1970: 
(a)  radar  frame  NSSL  0930,  (o)  directional  display  at  0703:01  GMT,  (c)  directional  display 
at  0703:02  GMT,  (d)  directional  display  at  0703:03  GMT. 


atmospherics  directly  associated  with  the  tor- 
nados from  those  generated  near  the  main 
storm  centers.  The  directions  to  the  remains 
of  tornado  1  (6°  at"  43  km),  which  had  dis- 
sipated by  this  time,  and  to  tornado  2  (340° 
at  31  km)  were  along  almost  the  same  bearings 
as  storms  17  and  18,  respectively. 

The  average  burst  rates  did  show  a  rapid 
increase  prior  to  0700  GMT,  about  the  time 
tornado  1  was  west  of  Oklahoma  City  but 
before  tornado  2  formed.  Estimates  of  electrical 


activity  based  on  the  1-sec  directional  displays, 
of  which  Figures  lb,  c,  and  d  are  a  part,  indi- 
cated that  perhaps  40%  of  the  atmospherics 
originated  from  storm  17  whereas  60%  came 
from  storm  18.  At  0700  GMT  the  average  burst 
rate  was  23  per  minute,  about  the  same  as 
that  for  0526,  shown  in  Figure  5. 

A  maximum  average  burst  rate  of  about  30 
bursts  per  minute  was  observed  at  0723.  Tor- 
nado 1  had  probably  dissipated  by  this  time, 
and   tornado  2   had   formed  and  was  moving 


206 


Taylor:  Radiation  from  Storms 


8773 


into  the  western  edge  of  Oklahoma  City.  The 
1-sec  directional  displays,  of  which  Figures  86, 
c,  and  d  are  a  part,  indicated  that  the  average 
burst  rate  of  28  per  minute  observed  at  0730 
GMT  resulted  almost  entirely  (80-90%)  from 
atmospherics  that  originated  from  storm  18.  An 
example  of  the  atmospherics  rate  data  is  not 
presented  because  of  a  malfunction  of  a  tape 
recorder  during  this  period  that  eliminated 
channels  11  through  16.  Otherwise,  the  data 
obtained  during  tornado  2  were  similar  to  those 


shown   in   Figure  5   but    had  about   %   more 
bursts  on  each  data  channel. 

Average  burst  rates  decreased  very  rapidly 
after  0730  GMT,  and  there  were  only  about 
5  per  minute  at  0800  GMT.  At  0830  GMT, 
only  2  or  3  bursts  per  minute  were  observed, 
and  the  observations  were  terminated.  Although 
no  radar  records  were  made  after  about  0745 
GMT  because  of  ac  power  outage,  atmospherics 
observations  continued  through  the  use  of  aux- 
iliary   power   until    it   was   obvious    from   the 
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Fig.  8.  Radar  echoes  and  atmospherics  direction  of  arrival  at  0730  GMT,  April  30,  1970: 
(a)  radar  frame  NSSL  1012,  (6)  directional  display  at  0730:01  GMT,  (c)  directional  display 
at  0730:02  GMT,  (d)  directional  display  at  0730:03  GMT. 
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observed  burst  rates  that  severe  storm  activity 
had  moved  out  of  the  area. 

Discussion 

The  study  of  electrical  activity  associated 
with  thunderstorms  is  made  more  difficult  by 
the  complexities  of  the  weather.  Especially 
during  periods  of  severe  weather  conditions, 
many  active  storm  areas  may  be  within  ob- 
servational range  at  a  time  of  particular  in- 
terest. The  radar  tracing  in  Figure  2  and  the 
range  curves  in  the  lower  portion  of  Figure  6 
testify  to  the  complex  nature  of  the  thunder- 
storm conditions  experienced  during  the  period 
from  about  2000  GMT,  April  29,  to  0800  GMT, 
April  30,  1970. 

Most  atmospherics  seem  to  have  radiated 
from  sources  closely  associated  with  radar 
echoes  of  high  intensity  (i.e.,  high  radar  re- 
flectivity), as  is  clearly  indicated  in  Figure  3, 
from  which  atmospherics  arriving  from  the 
various  directions  could  be  used  to  identify  the 
thunderstbrm  areas  indicated  by  radar  from 
which  they  originated.  Kinzer  [1972]  has  found 
a  close  relationship  between  the  locations  of 
return  strokes  obtained  from  atmospheric  wave 
forms  and  radar  reflectivity  values.  Figures  7 
and  8  substantiate  this  by  showing  that  most 
atmospherics  were  arriving  from  the  directions 
of  the  more  intense  storm  centers  indicated  by 
the  positions  of  the  identifying  numbers.  Al- 
though the  atmospherics  rate  data,  from  which 
the  average  burst  rates  were  computed,  were 
obtained  from  omnidirectional  antennas,  the 
relative  activity  level  of  the  storm  areas  were 
estimated  from  the  direction  of  arrival  displays. 

Most  thunderstorms  produced  relatively  low 
burst  rate  levels  in  all  frequency  bands.  It 
should  be  realized,  of  course,  that  observed 
burst  rates  are  functions  of  frequency,  threshold 
level,  and  atmospherics  rates,  as  well  as  thunder- 
storm activity  and  distance.  The  burst  rates 
generally  increased  on  all  frequency  channels 
as  each  observed  thunderstorm  grew  in  elec- 
trical activity.  However,  at  some  level  of  activity 
an  apparent  limit  was  reached  in  burst  rates 
at  the  lower  frequencies,  whereas  the  burst 
rates  at  the  higher  frequencies  continued  to 
increase.  For  this  reason,  only  the  burst  rates 
for  the  three  higher  frequencies  (316  kHz, 
1  MHz,  and  3.16  MHz)  were  used  for  com- 
puting the   average  burst   rates.   It  should   be 


mentioned,  however,  that  the  change  in  burst 
rates  between  nonsevere  thunderstorm  condi- 
tions and  tornadic  conditions  was  only  about 
half  as  great  at  316  kHz  as  it  was  at  the  other 
higher  frequencies.  This  suggests  that  observa- 
tions at  frequencies  of  1  MHz  and  higher 
would  be  better  indicators  of  severe  storms  in 
general  and  of  tornadic  activity  in  particular. 
Other  workers  have  recently  arrived  at  similar 
conclusions.  Hughes  and  Pybus  [1970]  studied 
severe  storms  in  the  frequency  range  of  10 
kHz  to  250  kHz  and  found  that  atmospheric 
rates  were  associated  with  a  storm's  convective 
processes  and  that  the  higher  frequencies 
seemed  to  be  better  indicators  of  severe  storm 
activity.  Stanford  et  al.  [1971]  reported  on 
observations  of  atmospheric  rates  at  various 
frequencies  from  670  kHz  to  144  MHz  and 
concluded  that  frequencies  above  about  1  MHz 
were  more  indicative  of  tornadic  activity  than 
lower  frequencies. 

No  detailed  analysis  of  the  present  data  has 
been  made  as  yet  to  measure  the  spectral 
distribution  of  the  received  signals  as  a  func- 
tion of  frequency  for  different  levels  of  storm 
activity.  Preliminary  examination  of  representa- 
tive portions  of  the  data,  however,  has  given 
an  indication  of  how  the  relative  spectral  am- 
plitudes change  with  frequency.  As  can  be 
seen  from  inspecting  the  large  isolated  burst 
shown  in  Figure  4,  there  is  close  agreement  in 
equipment  response  characteristics  between  the 
corresponding  threshold  levels  for  all  frequen- 
cies. This  implies  that  the  discharge  processes 
associated  with  this  burst  tended  to  produce 
amplitude  responses  of  the  10%  bandwidth 
circuits  that  were  independent  of  frequency.  If 
the  bandwidth  was  assumed  to  be  adequate  to 
resolve  essentially  all  of  the  individual  atmo- 
spherics so  that  a  linear  scale  factor  with  band- 
width could  be  used,  then  the  spectral  ampli- 
tude of  signals  radiated  from  this  low-activity 
storm  was  inversely  proportional  to  frequency 
over  the  range  from  10  kHz  to  3.16  MHz.  Since 
the  atmospherics  rate,  and  consequently  the 
total  number  of  impulses,  was  proportional  to 
frequency  for  this  example,  the  distribution  of 
energy  for  the  complete  discharge  was  inversely 
proportional  to  frequency. 

In  a  similar  manner,  other  periods  were  ex- 
amined, and  it  was  found  that  more  energy  was 
partitioned    into    the    higher    frequencies    than 
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was  found  at  lower  frequencies  as  storm  ac- 
tivity increased.  The  observations  taken  during 
the  reported  periods  of  the  tornados  showed  an 
apparent  increase  in  amplitude  as  well  as  in 
total  number  of  impulses.  For  the  times  when 
tornados  were  reported  the  spectral  amplitude 
tended  to  decrease  less  rapidly  than  an  inverse 
frequency  relationship,  and  the  total  number 
of  impulses  increased  more  rapidly  than  the 
first  [lower  of  frequency  as  the  observational 
frequency  increased.  The  resultant  estimated 
distribution  of  energy  was  approximately  in- 
dependent of  frequency  within  the  frequency 
bands  dealt  with  here.  Similar  findings  were 
reported  by  Silberg  [1965]  in  a  study  of  Okla- 
homa tornados. 

To  summarize  the  results  obtained  from  the 
storms  that  produced  an  enhanced  burst  rate, 
storm  6  was  a  relatively  active  thunderstorm 
that  produced  a  maximum  average  burst  rate 
of  7  per  minute.  Storms  15  and  16  were  very 
intense  thunderstorms,  but,  because  no  major 
damage  reports  were  associated  with  them, 
they  were  not  classified  as  severe  storms  by  the 
National  Severe  Storms  Forecast  Center  in 
Kansas  City,  Missouri.  If  the  number  of  bursts 
received  during  the  passage  of  these  two  storms 
was  assigned  to  each  storm  area  as  indicated 
by  the  direction  of  arrival  displays,  then  the 
maximum  average  burst  rate  for  either  storm 
area  would  have  been  less  than  15  per  minute. 

Storms  17  and  18  were  both  classified  as 
severe  storms,  and  each  was  responsible  for 
numerous  reports  of  hail,  damaging  wind,  and 
tornados.  Storm  18  was  the  more  electrically 
active  of  the  pair.  After  partitioning  the  burst 
rates  according  to  their  sources  from  the  atmo- 
spherics directional  displays,  the  average  burst 
rate  from  storm  18  would  have  been  at  least 
23  per  minute.  It  should  be  noted  that  any 
correction  for  burst  rates  dependent  on  dis- 
tance to  the  source  would  produce  a  greater 
difference  in  observed  burst  rates  between 
storms  16  and  18.  The  main  part  of  storm  16 
produced  15  bursts  per  minute  at  a  range  of 
25  km.  whereas  storm  18  produced  23  bursts 
per  minute  at  a  range  of  55  km. 

The  general  characteristic  of  the  atmospherics 
rate  data  during  nonsevere  or  normal  thunder- 
storm conditions  was  a  few  short-duration 
bursts  of  low  rates  with  occasional  long-dura- 
tion   bursts    of   verv   high    rates   as    shown    in 


Figure  4.  The  number  of  both  short-  and  long- 
duration  bursts  increased  during  periods  of 
moderately  high  levels  of  thunderstorm  ac- 
tivity, as  is  shown  in  Figure  5.  During  periods 
of  reported  tornadic  conditions,  many  more 
short-duration  bursts  of  relatively  high  rates 
were  produced  that  resulted  in  an  enhanced 
background  of  almost  continuous  bursts  with 
few  individual  or  isolated  long-duration  bursts. 

The  burst  rate  data  obtained  indicate  that 
low  burst  rates  of  less  than  10  per  minute 
represent  general  thunderstorm  conditions.  Me- 
dium burst  rates  between  10  and  20  per  min- 
ute represent  very  active  thunderstorms  with 
possible  severe  storm  conditions.  High  burst 
rates  of  20  per  minute  or  greater  are  indicative 
of  severe  storm  activity  with  possible  tornados. 

It  is  believed  that  the  severe  storms  with 
the  accompanying  tornados  discussed  here  are 
similar  in  electrical  characteristics  to  most  other 
tornadic  storms.  However,  in  keeping  with  the 
whole  history  of  radio  and  visual  observations 
of  tornados,  it  is  reasonable  to  assume  that 
most  tornadic  storms,  but  not  all,  would  have 
major  radio  frequency  electrical  activity  asso- 
ciated with  them.  Conversely,  a  few  severe 
storms,  and  a  few  nonsevere  storms  as  well,  may 
have  electrical  activity  comparable  to  that  of 
tornadic  storms.  Stanford  et  al.  [1971]  reported 
increases  in  pulse  rates  that  were  closely 
associated  in  time  with  reported  torna- 
dos but  also  found  increased  pulse  rates 
during  periods  of  no  reported  tornados.  Lind 
et  al.  [1972]  showed  that,  whereas  some  re- 
ported tornados  can  be  associated  with  a  sharp 
increase  in  pulse  rates,  others  can  be  associated 
with  only  a  gradual  buildup  and  decay  in  pulse 
rates,  and  still  a  few  others  may  occur  during 
periods  of  no  unusual  enhancements  of  radio 
noise. 

Since  high  burst  rates  were  not  limited  only 
to  the  storms  that  produced  tornados  (or  at 
least  to  the  times  when  tornados  were  reported 
present),  it  seems  logical  to  assume  that  a  tor- 
nado is  not  the  source  of  the  observed  radio 
energy.  This  assumption  is  further  substan- 
tiated by  Figure  7  and  the  related  discussion, 
which  clearly  showed  that  the  atmospherics 
were  not  coming  from  the  directions  of  either 
tornado  1  or  the  genesis  of  tornado  2.  Scouten 
et  al.  [1972]  in  analyzing  the  150-kHz  direc- 
tion of  arrival  data  obtained  when  a  tornado 
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was  42  km  from  the  receiving  site  found  that 
atmospherics  were  arriving  from  a  very  wide 
azimuthal  sector  that  included  the  direction  to 
the  tornado.  They  reasoned  that  the  atmo- 
spherics did  not  originate  from  the  tornado 
or  other  isolated  region  of  the  storm  but  instead 
represented  a  general  intense  electrification  of 
the  entire  storm  system  associated  Vith  the 
tornado.  It  is  therefore  logical  to  conclude  that 
the  tornado  funnel  or  the  storm  cloud  in  close 
proximity  to  the  funnel  may  be  the  primary 
source  of  atmospherics  for  some  tornados  but 
perhaps  not  for  most. 

The  source  of  the  radio  energy  associated 
with  tornados  evidently  remains  primarily  with 
the  parent  cloud.  Since  the  observations  at  1 
MHz  and  higher  frequencies  seem  to  be  the 
most  sensitive  to  the  enhancement  of  atmo- 
spherics indicative  of  tornadic  activity,  it  is 
suggested  that  the  intracloud  discharge  proc- 
esses are  the  primary  signal  sources.  These 
intracloud  processes  are  most  likely  located  near 
regions  of  strong  turbulence  and  at  heights 
above  the  freezing  level,  which  is  at  5  km  or  so 
during  the  thunderstorm  season  in  the  Great 
Plains  area  of  the  United  States. 

There  are  many  questions  still  unanswered 
concerning  the  electrical  identification  of  tor- 
nado and  other  severe  storm  characteristics. 
The  results  of  this  present  work  indicate  that 
the  number  of  bursts  of  high  atmospheric  rates 
at  frequencies  above  about  1  MHz  is  very 
closely  related  to  tornadic  activity.  It  now 
seems  feasible  to  design  a  monitoring  system 
using  the  burst  rate  parameter  to  warn  of 
probable  tornadic  conditions  within  100  km 
of  ,i   receiving  site. 
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EVALUATION  OK  AN  ELECTROMAGNETIC  TORNADO-DETECTION  TECHNIQUE 


William  L.  Taylor 

NOAA  -  ERL 
Wave  Propagation  Laboratory 
Boulder,  Colorado 


INTRODUCTION 


This  is  a  progress  report  on  recent 
efforts  to  find  an  electromagnetic  signature  that 
could  be  used  for  detecting  nearby  tornadoes. 
The  previous  works  of  Stanford,  et  al.  (1971), 
Hughes  and  Pybus  (1970),  Jones  (1965),  Vonnegut 
(I960),  and  many  other  reports  of  radio  and 
visual  observations  of  tornadoes ,  generally 
conclude  that  most  tornadic  storms  have  a  high 
level  of  electrical  activity  associated  with  them. 
Taylor  (1972  and  1973a)  began  searching  for  an 
electromagnetic  signature  suitable  for  detecting 
tornadoes  by  observing  the  radiation  from 
lightning-discharge  processes  in  the  frequency 
band  from  10  kHz  to  137  MHz.   In  the  1967-71 
tornado  seasons  during  periods  when  severe 
weather  was  expected,  observations  were  made  near 
Norman,  Oklahoma  in  cooperation  with  the  National 
Severe  Storms  Laboratory.   A  total  of  267  hours 
of  data  were  recorded.   Sferic  activity  from  39 
severe  storms  was  observed,  of  which  18  developed 
tornadoes  or  funnel  clouds  within  a  distance  of 
100  km  from  a  recording  site. 

Previous  work  of  Taylor  (1971 )  indicated 
that:   a)  No  one-to-one  correspondence  would  be 
found  between  observed  electrical  emissions  of 
thunderstorms  and  reported  weather  conditions. 

b)  The  general  characteristic  of  the  signals 
observed  during  nonsevere  storm  conditions  was 
that  of  a  few  short-duration  bursts  of  low  sferic 
rates  with  occasional  long  duration  bursts  of 
high  sferic  rates  produced  by  discrete  discharges. 

c)  Tornadic  storms  typically  showed  enhanced 
sferic  activity,  with  many  bursts  of  high  sferic 
rates ,  presumably  associated  with  very  rapidly 
occurring  discharge  processes  in  the  storm 
(Taylor,  1973b).   d)  This  enhancement  in  burst 
rate  was  not  generally  apparent  at  lower 
frequencies  (below  about  300  kHz)  but  was  easily 
recognized  at  frequencies  above  1  or  2  MHz. 

2.        INSTRUMENTATION  AND  OBSERVATION 

For  observations  during  the  1972 
tornado  season,  a  technique  was  developed  to 
measure  the  electrical  activity  of  thunderstorms 
as  indicated  by  the  sferics  "burst  rate."  The 
burst  rate  is  the  number  of  groups  or  clusters 
of  large-amplitude  sferics  occurring  during  a 
one-minute  period.   The  signal  from  a  1  meter 
long  vertical  monopole  antenna  was  applied  to  a 
single-stage  tuned-radio-frequency  (TRF)  circuit 
with  a  center  frequency  of  3.16  MHz  and  a  band- 
width of  10  percent.   The  operating  frequency  was 
selected  from  the  wide  range  above  1  or  2  MHz 
that  was  earlier  found  to  be  suitable  for 
detecting  tornadic  signatures.   (Taylor,  1973a). 
The  specific  value  of  3.16  MHz  was  based  on  the 
availability  of  equipment  from  those  earlier  tests. 


A  bandwidth  of  at  least  10  percent  was  needed  to 
process  the  received  sferics  that  often  exceeded 
rates  of  10  per  second. 

Two  amplitude  threshold  levels  -  5  V/m 
and  2  V/m  -  were  used,  corresponding  to  nominal 
ranges  of  30  km  and  70  km  for  typical  sferics. 
To  be  counted  as  a  "burst,"  the  received  signals 
were  required  not  only  to  exceed  an  amplitude 
threshold  level,  but  also  to  exceed  a  rate  of 
500  per  second  for  a  time  period  greater  than  0.1 
second.  The  burst  rate  was  sensed  continuously 
for  each  threshold  level  and  presented  to  a  multi- 
channel event  recorder  to  show  when  the  burst  rate 
exceeded  3,  10,  20,  and  30  per  minute.   These  8 
channels  of  data  plus  an  additional  channel  for 
time  marks  constituted  the  information  available 
from  each  tornado-detector  unit. 

To  provide  a  statistically  meaningful 
sample,  fifteen  detector  units  were  constructed 
and  installed  at  locations  indicated  in  Figure  1. 
The'  radius  of  each  circle  corresponds  approximately 
to  their  nominal  70  km  range.   Operation  of  the 
three  units  shown  in  Louisiana  and  Mississippi 
was  terminated  at  the  end  of  May  and  these  units 
were  moved  to  locations  shown  in  Nebraska,  Iowa, 
and  Illinois  to  follow  the  expected  northerly 
progression  of  tornadic  activity  during  the 
season.   Except  for  slight  overlapping  of  coverage 
area  for  the  units  in  the  Oklahoma  region,  all 
other  units  were  distributed  as  uniformly  as 
possible  over  the  part  of  the  United  States 
subject  to  high  tornado  activity. 

Installation  of  the  detector  units  began 
in  February  1972  in  the  southern  region  and  all 
units  were  operational  by  March  15.   Some  units 
were  deactivated  about  the  end  of  August ,  and  all 
units  were  turned  off  by  September  18.   During 
this  one  season  of  continuous  operation,  the  15 
units  logged  a  total  of  over  66,000  operational 
hours  and  experienced  about  3,000  hours  of  outages 
(<  U.5?)  due  to  interference  and  equipment 
malfunction. 

3.        ANALYSIS  AND  RESULTS 

The  reports  of  weather  conditions 
compiled  by  the  National  Severe  Storms  Forecast 
Center  in  Kansas  City  were  used  to  determine  the 
periods  when  thunderstorms  or  other  manifestations 
of  severe  weather  were  observed  within  70  km  of 
each  detector.   The  maximum  burst  rate  observed 
during  each  period  was  tabulated,  corresponding 
to  the  particular  category  of  storm  activity, 
i.e.,  thunderstorm,  large  hail,  damaging  wind, 
funnel  clouds  and  tornadoes.   If  more  than  one 
weather  condition  was  reported  during  the  same 
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Figure  1. 


Location  of  tomado-detection 
units  during  1972. 


& 


Sensitive,  for  range  equipment, 
all  activity  0-  70  km. 

Sensitive,  far  range  equipment , 
activity  (excl.  all  thunderstorms) 
30-70  km 

Insensitive,  near  range  equipment, 
all  activity  0-30  km. 


period  then  the  observed  burst  rate  was  assigned 
to  the  more  severe  category.  This  selection  was 
made  with  first  preference  given  to  tornadoes , 
then  funnels,  windstorms,  hailstorms,  and  finally 
nonsevere  thunderstorms .   The  averaged  maximum 
burst  rates  in  each  weather  category  are  presented 
in  Figure  2  for  the  three  range  intervals  indicated. 

Three  sets  of  blocks  are  shown  in  this 
figure.   The  broad-striped  blocks  show  average 
burst  rates  of  the  sensitive,  far-range  equipment 
channel  operating  at  the  2  V/m  threshold  and  for 
all  reported  weather  activity  within  a  range  of 
70  km.  The  narrow-striped  blocks  represent  the 
same  equipment  channel  as  the  broad-striped 
blocks  but  only  show  average  burst  rates  during 
reported  weather  activity  at  ranges  greater  than 
30  km  and  less  than  70  km,  and  do  not  include 
any  reported  nonsevere  thunderstorms.  The 
dotted  blocks  show  average  burst  rates  of  the 
insensitive,  near-range  equipment  channels 
operating  at  the  5  V/m  threshold  level  and  for 
all  reported  weather  activity  within  a  range  of 
30  km. 

Figure  2  indicates  that  nonsevere 
thunderstorms,  as  expected,  show  the  lowest 
burst  rate,  with  hall,  wind,  and  funnel  clouds 
showing  a  general  increase  in  burst  rates. 
Responses  associated  with  tornadoes  show  a 
definite  enhanced  average  burst  rate  relative  to 
the  other  reported  severe  storms  for  all 
observing  ranges .   The  average  burst  rates  for 
each  weather  category  in  the  30-70  km  range  show 
about  one  burst  per  minute  greater  than  the 
average  burst  rate  for  the  corresponding  weather 
category  in  the  0-30  km  range.   This  probably 
resulted  from  relatively  nearby  storms  producing 
infrequent  bursts  of  sferics  that  were  of 
sufficient  amplitude  to  exceed  the  2  V/m  threshold 
level  but  not  the  5  V/m  threshold  level.  The 


Figure  2.   Average  burst  rates  for  various 

reported  weather  conditions  within 
certain  ranges  and  for  two  threshold 
levels. 


average  burst  rates  for  the  0-70  range  compared 
with  corresponding  burst  rates  for  the  0-30  km 
range  show  about  6  more  bursts  per  minute  for 
thunderstorm,  hail  and  wind  categories  and  only 
about  2  more  bursts  per  minute  for  funnel  and 
tornado  categories   The  relatively  large 
differences  of  about  2-to-l  in  average  burst  rates 
for  the  thunderstorm,  hail  and  wind  categories 
between  the  0-70  km  and  0-30  km  range  indicate 
that  observed  burst  rates  for  these  weather 
categories  are  strongly  dependent  on  threshold 
level  and  range.   The  average  burst  rates  for 
funnels  and  tornadoes  only  differed  by  factors 
of  about  1. 2-to-l  which  indicate  that  burst  rates 
observed  from  these  weather  conditions  are  not 
greatly  influenced  by  threshold  level  and  range. 

The  probability  distributions  of  the 
burst  rates  obtained  at  the  5  V/m  threshold  for 
the  various  reported  weather  conditions  within  a 
range  of  30  km  of  the  observation  sites  are  shown 
in  Figure  3.   These  curves  clearly  show  that 
tornadoes  tend  to  be  associated  with  burst  rates 
considerably  higher  than  the  nearest  competitor  - 
the  funnel  cloud.  While  the  burst  rate  for  half 
of  the  tornadoes  exceeded  27  per  minute ,  50  - 
percentile  burst  rates  for  the  hail,  wind  and 
funnel  categories  of  severe  weather  varied  between 
about  9  and  18.   Some  of  the  high  burst  rates 
apparently  associated  with  nonsevere  thunderstorms 
(3.5  percent  exceeding  a  burst  rate  of  30  per 
minute)  may  actually  have  resulted  from  unreported 
tornado  activity  within  range  of  the  equipment. 


213 


70 
60 
50 
40 
30 

20 

10 
5 


N  \  \ 

Thunderstorm        -^         \\   . 


^ 


11 


0  10  20  30 

Burst  Rate    (B/min) 
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Figure  k.      Probability  distributions  of 
burst  rates  from  the  2  V/m 
threshold  responses  for  reported 
weather  conditions  within  30-70 
km  range . 


Figure  1*  shows  the  probability  distri- 
bution of  the  burst  rates  from  sources  of  ranges 
greater  than  30  km  and  less  than  70  km  obtained 
with  the  2  V/m  threshold  responses.   Fifty  per- 
cent of  the  tornadoes  resulted  in  an  observed 
burst  rate  in  excess  of  29  per  minute ,  while 
severe  storms  associated  with  hail,  wind  and 
funnel  clouds  caused  50-percent  burst  rates 
between  about  11  and  l6  per  minute.   No  thunder- 
storm responses  are  included  in  this  group  of 
data  because  of  the  recognized  difficulty  of 
obtaining  accurate  reports  of  thunderstorms  in 
rural  areas  far  removed  from  the  observing  units 
and  the  National  Weather  Service  Offices. 

Presuming  that  a  burst  rate  exceeding 
20  per  minute  was  indicative  of  tornado  activity, 
then  73  percent  of  the  tornadoes  would  have  been 
"detected"  as  indicated  in  Figures  3  and  k. 
Table  I  summarizes  the  results  of  using  a  20 
burst-per-minute  rate  and  a  5  V/m  threshold  as  a 
tornado  warning  level  for  reported  weather 
activity  within  a  30  km  range  of  the  detector 
units.   Note  that  although  only  6.5  percent  of  the 
thunderstorms  produce  a  burst  rate  greater  than 
20  per  minute,  there  were  so  many  more  thunder- 
storms than  reported  periods  of  severe  storms 
that  over  half  of  the  warnings  would  have  resulted 
from  the  local  nonsevere  thunderstorms.   This 
table  shows,  however,  that  each  time  the  warning 
level  was  reached,  there  was  about  one  chance  in 
five  that  a  tornado  was  present,  about  one  chance 
in  four  that  either  a  tornado  or  funnel  cloud  was 
present,  and  slightly  less  than  one  chance  in  two 
that  some  form  of  severe  weather  was  in  existence 
within  30  km  at  the  time.  There  were  no  observed 
burst  rates  greater  than  20  per  minute  without  at 
least  thunderstorm  activity  reported.  A  summary 
of  the  2  V/m  responses  to  the  30-70  km  weather 


TABLE  I 

Summary  of  1972  results  for  the 
30  km  range  using  the  equipment 
with  a  5  V/m  threshold. 


Weather 
Condition 
<  30  km 

Number 
Observi 

Tornado 

15 

* 
Funnel 

10 

Wind+ 

20 

Hail+ 

23 

Thunderstorm   507 

Totals 

575 

No.  With     %  With 
Burst  Rates   Burst  Rates 
>  20/min     >  20/min 


11 

4 

4 

6 

33 

58 


73 
40 
20 
26 
6.5 


•May  have  been  a  tornado,  but  was  not  observed 
to  touch  ground. 

May  have  had  tornado  activity,  though  none  was 
reported. 


activity,  as  could  be  envisioned  by  comparing  the 
corresponding  curves  in  Figures  3  and  U  at  a 
burst  rate  of  20  per  minute,  would  be  very  similar 
to  that  presented  in  Table  I. 
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the  observation  units  described  here  was  to 
determine  the  feasibility  of  using  burst-rate 
measurements  to  supplement  existing  National 
Weather  Service  capabilities  for  warning  of 
tornadic  conditions.   It  was  found  that  most,  but 
not  all,  tornadic  conditions  were  associated  with 
high  burst  rates,  but  a  few  severe  storms,  as  well 
as  some  nonsevere  thunderstorms  also  have  burst 
rates  comparable  to  those  associated  with  tornadic 
storms.   Of  course,  some  of  these  storms  may  have 
been  tornadic  while  beyond  the  nominal  70  km 
monitoring  range  prior  to  or  after  the  equipment 
responses.   Also,  because  of  the  problems  and 
limitations  of  weather  observations,  particularly 
in  sparsely  populated  areas,  some  unreported 
tornadic  activity  may  have  been  present  during 
some  of  the  equipment  responses  associated  with 
other  weather  categories. 

Operational  evaluation  tests  of  these 
tornado  detectors  will  be  conducted  during  1973 
by  a  number  of  National  Weather  Service  Offices 
to  appraise  the  usefulness  of  this  technique  in 
assisting  the  local  NWS  personnel  in  recognizing 
tornadic  conditions.   A  recognized  limitation  of 
the  present  detector  is  that  it  does  not  indicate 
the  direction  from  which  the  electromagnetic 
signals  arrive,  and  therefore  does  not  help  the 
local  personnel  to  track  electrically  active 
storm  regions.   This  omnidirectional  characteristic 
also  results  in  a  relatively  large  number  of  false 
alarms  caused  by  the  additive  effect  of  numerous 
nontornadic  sources  occurring  within  the  response 
range  of  the  equipment.   Directional  capabilities 
will  be  included  in  a  second-generation  tornado 
detector  that  will  be  operational  by  the  spring 
of  1971* ;  it  is  hoped  that  the  false-alarm  rate 
and  the  failure-to-alarm  rate  will  both  be 
markedly  reduced  by  the  addition  of  this 
direction-finding  capability. 


rurecusi  center  ior  "neir  assistance  and 
cooperation,  and  the  many  people  at  each  detector 
unit  location  without  whose  help  this  work  could 
not  have  been  completed. 
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ABSTRACT— Vertical  temperature  profiles  of  the  lower 
atmosphere  are  determined  from  clear  air  ground-based 
measurements  of  microwave  thermal  emission  by  oxygen. 
Angular  emission  data  from  two  diverse  meteoiological 
locations  are  mathematically  inverted  by  statistical  tech- 
niques to  recover  the  vertical  profiles.  Inversion  of  52.5  GHz 
data,  gathered  at  Upolu  Point,  Hawaii,  Hawaii,  resulted 
in  an  average  root-mean-square  (rms)  difference  of  1.27°K 
between  inverted  and  radiosonde  measured  profiles  from 
0  to  10  km.  Pressure  and  humidity  profiles  are  simul- 
taneously estimated  from  the  data;  numerical  integration 
of  the  inverted  humidity  profiles  results  in  a  determination 
of  total  vertical  water  content  with  a  lelative  accuracy  of 
about  10  percent.  Radiometer  emission  data  at  54.0,  54.5, 
and  55.0  GHz,  taken  at  Salt  Lake  City,  Utah,  are  inverted 
with  resulting  average  rms  differences  of  1.1 7°K  over  the 


height  interval  from  0  to  6.4  km.  A  priori  temperature 
variance,  corresponding  to  known  surface  conditions,  is 
reduced  by  a  factor  of  8  to  1.  Ground-based  thermal 
inversions  are  successfully  recovered.  For  both  locations, 
the  rms  accuracies  agree  well  with  predictions  based  on 
the  theory  of  statistical  estimation. 

The  statistical  inversion  equations  of  Rodgers,  and 
Strand  and  Westwater  are  extended  for  the  purpose  of 
inferring  profiles  from  spectrally  contaminated  radiation 
measurements.  The  equations  require  auto-  and  cross- 
covariance  matrices  of  all  meteorological  variables  that 
contribute  to  the  emission.  The  general  linear  estimation 
equations  of  Deutsch  are  applied  to  a  linear  approximation 
to  the  radiative  transfer  equation  to  derive  the  inversion 
equations.  An  analysis  of  the  linearization  errors  is  given. 


1.  INTRODUCTION 

The  remote  sensing  ef  low  altitude  vertical  tempera- 
ture profiles  is  of  great  interest  in  studies  of  air  pollution. 
Previous  theoretical  results  have  indicated  that  passive 
ground-based  microwave  measurements  of  thermal  emis- 
sion by  oxygen  can  provide  significant  information  on  the 
temperature  structure  up  to  about  2  or  3  km  under  clear 
atmospheric  conditions  (Westwater  and  Strand  1968, 
Mount  et  al.  1968). 

Temperature  profiles  have  been  recovered  from  radio- 
metric data  by  using  a  variety  of  mathematical  techniques 
(Chahine  1970,  Smith  et  al.  1970,  Wark  1970).  The  tech- 
nique presented  here  utilizes  statistical  characteristics  of 
atmospheric  variables  contributing  to  the  observed  emis- 
sion for  the  construction  of  a  physically  significant  solu- 
tion to  the  inverse  problem  of  radiative  transfer.  This 
method  retains  features  of  the  earlier  statistical  inversion 
techniques  of  Rodgers  (1966)  and  Strand  and  Westwater 
(1968)  but  also  permits  the  effect  of  background  atmos- 
pheric noise  (such  as  that  from  water  vapor  fluctuations) 
to  be  estimated. 

The  inversion  equations  are  applied  to  single-frequency 
radiometer  scan  data,  and  the  results  are  compared  with 
concurrent  radiosonde  measurements.  The  data  were 
taken  at  two  diverse  meteorological  locations: 

1.  Upolu  Point,  Hawaii,  Hawaii.  Angular  measurements  at  52.5 
GHz  are  used  to  derive  temperature  profiles  with  a  root-mean- 
square  (rms)  error  of  1.25°K  over  a  10-km  height  interval.  The 
brightness  spectrum  is  shown  to  be  substantially  affected  by  water 
vapor  at  the  higher  elevation  angles.  The  integrated  vertical  water 
content  was  also  determined  from  the  radiometric  data  and  compared 


with  water  content  derived  from  radiosonde  measurements  to  about 
10  percent. 

2.  Salt  Lake  City,  Utah.  Discrete  angular  data  at  54.0,  54.5,  and 
55.0  GHz  are  used  to  derive  temperature  profiles  with  an  rms 
accuracy  of  about  0.5°K  up  to  2  km.  Both  lapse  and  ground-based 
inversion  profiles  are  encountered  and  successfully  recovered. 

2.  INVERSION  METHOD 

The  problem  of  remotely  inferring  temperature  profiles 
from  radiation  measurements  can  be  regarded  as  a  problem 
in  statistical  estimation  (Rodgers  1966,  Strand  and  West- 
water  1968).  A  related  problem  of  filtering  a  signal  from 
noise  was  solved  by  Foster  (1961).  If  the  contributions 
to  brightness  temperature  fluctuations  caused  by  tempera- 
ture fluctuations  are  regarded  as  the  desired  signal,  then 
all  other  contributions  to  this  signal  may  be  considered 
as  noise.  This  noise  may  arise  from  instrumental  noise 
or  from  effects  of  atmospheric  origin,  such  as  pressure, 
water  vapor,  or  clouds.  If  the  a  priori  statistical  behavior 
of  the  signal  and  the  noise  is  known,  this  knowledge  can 
be  used  to  construct  a  filter  or  an  optimum  estimator 
using  the  minimum  expected  mean  square  error  criterion 
of  Wiener  (1949).  The  linear  method  for  achieving  the 
minimum  variance  estimator  from  past  data  will  be  pre- 
sented below  by  extending  the  equations  of  Foster  (1961), 
Rodgers  (1966),  and  Strand  and  Westwater  (1968)  to  those 
equations  applicable  when  the  contaminating  noise  is 
correlated  with  the  desired  signal.  In  addition,  the  effec- 
tive noise  level  of  background  fluctuations  is  determined 
and  the  reduction  of  this  noise  using  surface  constraints 
is  discussed. 
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Statistical  inversion  techniques  attempt  to  derive  atmos- 
pheric profiles  by  using  radiation  measurements  to  form 
statistical  estimates.  This  is  a  specific  example  of  a  general 
problem  in  statistical  estimation,  that  of  estimating  one 
vector  quantity  from  measurements  of  another.  The  linear 
solution  of  this  general  problem  is  outlined  below,  follow- 
ing Deutsch  (1965). 

Consider  two  (column)  vectors,  x  and  y,  the  components 
of  which  are  random  variables.  For  our  purposes,  y  can  lie 
regarded  as  a  vector  representing  an  atmospheric  profile  and 
x  as  a  vector  of  measurements.  If  the  dimensions  of  x  and  y 
are  n  and  m,  respectively,  then  the  quantities  are  described 
by  a  (n  +m)-dimensional  joint  probability  distribution. 
Let  E\  |  be  the  expected  value  operator  over  this  distri- 
bution. Denote  the  mean,  or  average,  of  any  vector  x  by 
<x>=E'|x|  and  the  departure  of  x  from  its  mean  by 
x'=x-<x>.  In  the  following,  we  will  consistently  use 
primes  on  statistical  quantities  to  denote  departures  from 
average  values.  Deutsch  shows  that  y'  may  be  estimated 

as    a    linear    function    of    x'    by    the    minimum    variance 

a.     , 
estimator,  y    where 

y'  =  S„S:>x',  (1) 


and 


S„  =  E\y'x'*\ 

S^Elx'x'*] 


(2) 

(3) 


The  superscript  *  means  matrix  transposition,  and  the 
standard  statistical  notation  of  designating  estimators  by 
the  superscript  A  has  been  followed.  The  (',  j  element  of 
the  mXn  matrix  Srx  is  the  cross-covariance  of  y,  and  xt; 
similarly,  the  /',  j  element  of  the  nXn  matrix  iS,  is  the 
autocovariance  of  x,  and  x,.  The  determination  of  the 
above  matrices,  which  are  defined  with  respect  to  an 
ensemble  average  over  an  infinite  population,  usually 
requires  averaging  over  a  finite  sample. 

The  equations  outlined  above  may  be  applied  to  the 
inversion  problem  in  several  different  ways  depending  on 
the  data  at  one's  disposal.  The  most  direct  application 
occurs  by  correlating  a  representative  sample  of  simul- 
taneous direct  measurements  of  both  the  vertical  tempera- 
ture profile  and  either  spectral  or  angular  measurements 
of  brightness.  The  coefficient  matrix  relating  the  vector 
representation  of  the  temperature  profile,  T,  to  the  vector 
of  measurements,  T»,  is  determined  simply  by  linear 
regression.  This  technique  has  been  discussed  recently 
by  Smith  et  al.  (1970). 

When  the  absorption  and  emission  characteristics  are 
known  as  a  function  of  meteorological  parameters,  the 
"pseudo-regression"  coefficients,  ST,  tJStIi  may  be,  ap- 
proximated by  calculations  taken  over  a  representative 
history  of  meteorological  data.  The  noise  levels  associated 
with  brightness  temperature  measurements  are  also 
assumed  known.  This  method  was  not  used  here  because 
of  the  prohibitive  number  of  calculations  required  to 
evaluate  ST  TtSrl  In  addition,  the  strict  use  of  correlation 
tends  to  obscure  the  magnitude  of  the  causes  of  the 
brightness  fluctuations  and  their  relation  to  profile 
fluctuations. 
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The  procedure  used  here  directly  relates  a  linear  ap- 
proximation of  the   brightness  equation   lo   the   desired 

profile  fluctuations  using  eq  (1),  (2),  and  (3).  In  addition 
to  reducing  the  number  of  brightness  calculations  to  one, 
namely  the  brightness  of  the  average  profile,  ihi>  procedure 
has  the  advantage  of  explicitly  showing  the  separate 
contributions  to  the  variance  of  the  brightness  fluctuations 
by  each  of  the  atmospheric  parameters. 

The  monochromatic  brightness  at   an  initial   elevation 
angle,  6,  is  given  by 


Ud) 


r  -f' 

|     «7i7'acsc<V     J° 


(4) 


where  h  is  height,  and  the  absorption  coefficient,  a,  is  a 
function  of  temperature,  7',  pressure,  />,  and  relative 
humidity,  r  (Staelin  1969).  Because  of  atmospheric  refrac- 
tion and  earth  curvature,  the  local  elevation  angle  along 
a  ray  path  is  a  (usually  weak)  function  of  height  and 
refractive  index  profile.  By  expanding  the  integrand  of 
eq  (4)  in  a  Taylor  series  about  the  mean  profiles  of  T,  p, 
and  r,  and  then  averaging  over  their  joint  distribution,  it 
is  seen  that,  to  the  second  order,  the  average  brightness 
at  a  fixed  initial  elevation  is  the  brightness  of  the  average 
profile : 

-  I      lik'KaXc 

Jo 


I 


<n(0)>=        dh<T><a><csc  8>e 


(5) 


In  eq  (5),  the  ensemble  average  of  esc  0  has  bee^i  indicated 
because  of  the  dependence  of  refractive  bending  on  profile 
variations.  The  linear  terms  in  the  Taylor  expansion  are 

Tb(e)  =  Tb(0)-<ue)> 

=  C dh\lT(e,  h)T'(h)+Iv(6,  h)p'(h)+Ir(6,  h)r'(h)}     (6a) 
where  T (h)  =  T(k) - <T(h)> ,  etc.,  and 


IT(6,  h)  = 


dT(h) 


Ta  csc  6  e 


(66) 


1,(8,  h)  =  <T(h)> 


dp(h) 


a  csc  6  e 


1     ' 

/  I  men 
profile 


and 


ft         I  —   I     a  CSC  »!(/>' \ 

fr(8,h)  =  <T(h)>  ^j-Aacscee    J"  1 

OT(A)  \  /|, 


(6c) 


(6rf) 


The  coefficient  IT($,  h)  reduces  to  the  usual  definition  of 
the  tem|>erature  weighting  function,  as  given,  for  ex- 
ample, by  Meeks  and  Lilley  (1963),  when  the  temperature 
dependence  of  the  absorption  coefficient  is  neglected.  In 
practice,  the  above  integrals  cannot  be  evaluated  analyt- 
ically and  must  be  reduced  to  computational  form. 
Introducing  a  suitable  quadrature  approximation  involv- 
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ing  m  points  on  the  profile  leads  to  the  mntrix  equation 


T;=^TT'+^pp'+^rr'. 


(7) 


In  eq  (7),  euch  component  of  the  «X1  vector  T'„  is  the 
departure  of  the  brightness  temperature  from  its  average 
at  the  chosen  set  of  discrete  elevation  angles,  each  com- 
ponent of  the  mX  1  vectors  T',  p',  and  r'  is  the  departure 
of  the  profile  from  its  average  at  each  quadrature  height, 
and  the  i,  j  element  of  the  nXm  matrix  At,  say,  is 
the  derivative  of  the  f'th  brightness  with  respect  to  the 
temperature  at  the  jth  level.  The  average  accuracy  of  the 
linear  approximation  is  a  function  of  second  and  higher 
order  derivatives  of  the  integrand  of  eq  (4)  and  of  the 
distribution  of  T,  p,  and  r.  To  the  second  order,  the 
mean  square  error  in  the  linear  approximation  of  a  func- 
tion,/(x),  of  a  random  variable,  x,  is 

d*f«x»  *S 
dx2        2 

and,  hence,  will  be  small  if  either  the  variance,  a\,  or 
the  second  derivative  is  small.  The  accuracy  of  the 
approximations  used  here  are  evaluated  numerically  in 
sections  5  and  6. 

Any  brightness  temperature  measurement  will  be  in 
error  by  an  amount  t,  where  €  is  a  random  variable  that  is 
uncorrelated  with  atmospheric  fluctuations.  These  errors 
will  be  caused  by  receiver  noise  fluctuations,  antenna  side 
lobes,  lossy  wave  guides,  etc.  It  is  assumed  that  any  bias 
present  in  the  measurement  can  be  removed  experi- 
mentally so  that  i  has  zero  mean.  In  the  linear  approxima- 
tion, we  may  express  the  measured  brightness,  T(,(m) 
(relative  to  its  mean),  as  the  sum  of  the  atmospheric 
contribution,  T'b,  and  an  m  X  1  error  vector  t  as 


and 


T;<m,=T;+t 

T™=ATT+Atp'+Arr'+t. 


(8) 

(9) 


To  derive  a  temperature  profile  T'  from  measurements 
Tj<m)  by  eq  (1)  requires  the  autocovariance  matrix  of  the 
brightness,  <ST<m)  and  the  cross-covariance  matrix  between 

b 

the  temperature  and  the  brightness,  STiT<">).  Under  the 
above  assumptions,  these  matrices  may  be  straight- 
forwardly evaluated  using  eq  (2),   (3),  and  (9)  to  yield 

•ST(m>  ^ATSTA^-\-ATSrfAf-\-  ■  ■  ■ 


and 


+ArSn>A*+ApSpAt+S.      (10) 


Equation  (10)  relates  the  variance  in  measured  atmos- 
pheric brightness  to  the  variance  at  each  of  the  points 
on  the  profiles  of  the  temperature,  pressure,  and 
humidity  and  instrumental  noise;  the  matrix  STrim) 
expresses  the  degree  of  correlation  between  tempera- 
ture fluctuations  and  brightness  measurements.  The 
random  vectors  p',  r',  and  t  may  also  be  estimated  by 


equations  identical  in  form  to  eq  (9)  and  (10).  Two  special 
cases  of  the  above  equations  may  be  noted.  First,  if  .lp  and 
Ar  are  negligible,  that  is,  if  the  spectral  region  or  meteoro- 
logical conditions  are  such  that  pressure  and  water  vapor 
effects  are  small,  then  the  above  equations  reduce  to  those 
of    Rodgers    (1966)    and    Strand    and    West  water    (1968): 


Oj(m,  —  /lTOT>'iT~t~^< 


and 


o  -t 


-SjA%. 


(12) 
(13) 


Second,  if  the  cross-covariance  matrices  between  tempera- 
ture and  the  other  two  atmospheric  parameters  are 
negligibly  small,  then  we  again  get  eq  (13),  but 

ST,m,=,lTlV4*,-r->S,("  (14) 

where 


S?=S.+A9StAl+A9SptA;+A,S^l+A,S,A,. 


(15) 


This  explicitly  shows  that  atmospheric  fluctuations  that 
are  uncorrelated  with  temperature  fluctuations  have  the 
same  effect  as  instrumental  noise.  It  also  implies  that  if 
the  "effective"  noise  level,  S,  ,  is  dominated  by  background 
fluctuations  of  atmospheric  origin,  then  very  little  im- 
provement in  inversion  results  can  be  achieved  by  lower- 
ing of  instrumental  noise  levels  alone. 

The  linear  eq  (6)  were  expressed  with  temperature, 
pressure,  and  humidity  as  functions  of  height.  It  would 
also  be  possible  to  express  the  equations  in  *terms  of 
temperature  and  humidity  as  a  function  of  pressure  by 
using  the  hydrostatic  equation.  For  ground-based  appli- 
cations, the  greatest  difficulty  with  this  approach  is  the 
construction  of  various  averages  appropriate  to  the  vari- 
able surface  pressure. 

When  ground-based  remote  measurements  are  made, 
they  can  frequently  be  supplemented  with  direct  measure- 
ments of  surface  values  of  the  parameter(s)  to  be  inferred. 
For  example,  surface  measurements  of  temperature,  pres- 
sure, and  relative  humidity  can  easily  be  taken.  The  value 
of  the  surface  temperature  can  then  be  used  as  an  exact 
mathematical  constraint  on  the  solution  of  the  integral 
equation.  When  statistical  inversion  methods  are  used, 
the  laws  of  conditional  probability  allow  the  use  of  addi- 
tional statistical  constraints  that  modify  the  estimate  of 
the  function  at  each  point  of  the  profile.  These  constraints 
frequently  considerably  reduce  the  a  priori  variance  of 
the  temperature  profile.  In  addition,  the  pressure  and 
humidity  constraints  reduce  the  effective  noise  level, 
S^ .  In  particular,  since  pressure  fluctuations  tend  to  be 
highly  correlated  over  broad  height  intervals,  the  pres- 
sure constraint  considerably  reduces  the  effective  noise 
from  this  component. 

As  in  the  unconstrained  case,  we  may  apply  eq  (1),  (2), 
and  (3)  to  the  inversion  problem  if: 

1.  We  restrict  the  expected  value  operator  to  range  over  the 
conditional  distribution  of  given  surface  parameters,  and 

2.  We  transform  the  original  data  vector  T"J'   to  one  that  has 
zero  mean  with  respect  to  the  conditional  distribution. 
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Requirement  (1)  may  be  imposed,  under  the  assumption 
of  normality,  by  applying  a  standard  statistical  method 
using  conditional  probability  to  modify  each  of  the 
covariance  matrices  occurring  in  eq  (10).  The  rather 
cumbersome  details  of  this  technique  are  described  by 
Graybill  (1961). 

An  alternate  method  of  incorporating  surface  measure- 
ments is  to  adjoin  the  vector  of  constraints  to  the  vector 
of  brightness  measurements  to  form  a  "generalized"  data 
rector.  Equations  (1),  (2),  and  (3)  can  then  be  applied 
directly  using  the  unconstrained  distribution. 

The  transformation  of  the  measured  brightness  to  a 
quantity  that  lias  zero  mean  with  respect  to  the  condi- 
tional distribution  is  achieved  by  taking  the  conditional 
average  of  eq  (9)  and  subtracting  the  result  from  the 
measured  brightness.  The  mean  brightness,  conditional 
upon  fixed  surface  conditions,  is  related  to  the  ensemble 
averaged  brightness  <T6>  by 

<T6!C>  =  <T>> +/1TKT|C>  -  <T» 

+/L«p|C>  -  <p»  +^r«r|C>  -  <r».       (16) 

Above,  C  refers  to  the  triplet  of  fixed  surface  constraints, 
Tltpi,  and  r,  and  the  notation  <V|C>  designates  the 
conditional  average  of  the  vector  V,  given  C.  In  section  5, 
results  of  inversions  are  given  using  both  constrained  and 
unconstrained  statistical  methods. 

Although  we  have  presented  only  linear  techniques 
above,  the  extension  of  the  statistical  method  to  iterative 
analysis  is  straightforward.  To  apply  iterative  analysis, 
each  component  of  the  tem|>erature,  pressure,  and  humid- 
ity profiles  is  estimated  by  the  appropriate  application 
of  eq  (1).  These  estimates  are  then  used  to  correct  the 
weighting  functions  at  each  stage  of  the  iteration  process. 
The  necessity  of  recorrecting  the  weighting  functions  by 
iteration  depends  on  the  experimental  noise  level:  if  the 
linearization  errors  are  larger  than  the  noise  levels,  then 
iteration  can  improve  solution  accuracy.  However,  it  is 
not  clear  that  a  linearized  iterative  technique  is  preferable 
to  the  general  eq  (1)  since  one  of  the  prime  motivators 
of  the  linearization  technique  was  to  avoid  excessive 
computer  calculation.  If  the  system  of  equations  is 
strongly  nonlinear,  the  use  of  nonlinear  noniterative 
estimation  involving  higher  order  moments  of  the  profile 
distribution  is  possible  (Staelin  1969).  As  stated  by 
Swerling  (1966),  linear  estimates  are  optimum  (of  all 
estimates,  linear  or  not)  if  all  quantities  are  multivariate 
Gaussian  and  if  the  measurement  fluctuations  are  linearly 
related  to  the  profile  fluctuations. 


3.  WEIGHTING  FUNCTIONS 

The  brightness  temperature  at  frequency  v  and  eleva- 
tion angle  8  is  a  weighted  average  of  the  temperature 
distribution  over  some  spatial  region.  For  a  stratified 
atmosphere,  the  weighted  height  average  is  determined 
by  the  temperature  weighting  function  given  by  eq  (6b). 
As  a  typical  example  of  microwave  ground-based  temper- 
ature weighting  functions,  figure  1  shows  monochromatic 
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Figure  1. — Temperature  weighting  functions  at  ">4.0  UHz  for  angu- 
lar probing.  August  values  arc  for  Salt  Lake  City,  Utah. 


weighting  functions  at  54.0  GHz  for  discrete  elevation 
angles.  These  calculations  are  for  the  August  monthly 
average  profiles  of  temperature,  pressure  and  relative 
humidity  at  Salt  Lake  City,  Utah.  The  oxygen  absorption 
coefficient  is  determined  using  the  Van  Vleck-Weisskopf 
(1945)  line  shape  with  line  width  parameters  of  Carter 
et  al.  (1968).  The  small  water  vapor  contribution  was 
calculated  using  the  same  line  shape,  but  with  line  param- 
eters determined  by  Westwater  (1967).  As  is  evident 
from  the  figure,  very  narrow  height  resolution  is  obtained 
near  the  surface,  but  this  resolution  degrades  rapidly 
with  altitude.  The  corresponding  transmission  curves  for 
this  location  and  frequency  are  shown  in  figure  2. 

4.  ANALYSIS  AND  INVERSION  OF  HAWAIIAN 
RADIOMETER   DATA 

The  ultimate  test  of  a  remote  sensing  technique  is  its 
performance  in  a  field  operation.  In  this  and  the  following 
section,  we  derive  temperature  profiles  from  microwave 
radiometer  data  and  compare  the  results  with  theoretical 
predictions  and  with  independent  direct  tem|>erature 
measurements.  The  sequential  analysis  procedure  that  we 
follow  is  to  (1)  compare  radiometer  measurements  and 
brightness  calculations  to  determine  effective  measure- 
ment noise  levels;  (2)  |>erform  theoretical  calculations  of 
expected  accuracies  in  inversion  results  using  the  noise 
levels  determined  in  (1);  (3)  invert  the  data  using  the 
method  of  section  3;  and  (4)  compare  inverted  and 
directly  measured  profiles. 

The  Hawaiian  data  were  taken  at  Upolu  Point,  Hawaii, 
Hawaii,  during  two  2-week   periods  in   April  and   July- 
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Figure  2.- 
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-August  atmospheric  transmission  at  54.0  GHz  for  Salt 
Lake  City,  Utah. 


August  1968.  Thermal  emission  measurements  at  52.5 
GHz  were  made  with  a  microwave  radiometer  designed 
and  constructed  by  Jack  B.  Snider  of  National  Oceanic 
and  Atmospheric  Administration  (NOAA)  Environmental 
Research  Laboratories.  Radiosonde  observations  of  tem- 
perature, pressure,  and  relative  humidity  were  taken  at 
3-hr  intervals  and  covered  the  height  range  from  the 
surface  to  10  km.  Emission  measurements  at  a  set  of 
nine  fixed  elevation  angles  were  taken  at  3-hr  intervals  to 
coincide  with  the  onsite  radiosonde  release;  the  angles 
were  chosen  to  divide  the  cosecant  into  equal  increments 
between  the  lowest  (5.25°)  and  the  highest  (90°)  elevation 
angles  used. 

The  data  were  supplied  to  the  author  in  the  form  of 
antenna  temperature  versus  elevation  angle.  Before  these 
data  could  be  used  for  inversion,  a  study  of  the  bandwidth 
integration  and  antenna  effects  was  necessary.  The  radiom- 
eter was  a  double  sideband  Dicke  type.  In  this  type 
of  receiver,  the  weak  radio  frequency  signal,  vRF,  incident 
on  the  antenna  is  mixed  with  a  strong  local-oscillator 
signal,  e0,  to  produce  an  ouptut  power  on  an  intermediate 
frequency,  v1F.  In  a  double  sideband  receiver,  both  the 
signal  frequency  vKF  =  v0  +  v„  and  the  image  frequency 
v'rf  =  "o  —  "it,  can  be  received  and  amplified  at  the 
intermediate  frequency  vIF.  The  predetection  bandwidth 
Ax  is  usually  determined  by  the  IF  amplifier.  The  effec- 
tive bandwidth  filter  function  is  indicated  schematically 
in  the  lower  left  portion  of  figure  3.  To  determine  the 
effect  of  this  bandwidth  integration  on  the  brightness 
temperature  and  on  the  profile  weighting  functions  defined 
by  eq  (6),  numerical  calculations  were  performed  assum- 
ing Gaussian  bandwidths  and  the  radiometer  parameters 
given  in  figure  3.  A  seven  point  Gauss-hermite  quadrature 
was  used  in  integrating  each  side  of  the  band.  Integrating 
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Figure  3. — Band  averaged  brightness  for  a  double  side  band  radio- 
meter for  the  mean  atmosphere  at   Upolu  Point,  Hawaii,  Hawaii 
(*„=52.5  GHz,  >.IF=160  MHz,  A*  =  40  MHz). 


the  brightness  of  the  mean  Hawaiian  atmosphere  during 
the  period  of  observation  resulted  in  u  maximum  differ- 
ence of  band-averaged  versus  monochromatic  brightness 
of  about  1.5°K;  the  complete  results  are  shown  in  the 
figure.  To  test  the  sensitivity  of  these  results  to  profile 
variations,  bandwidth  calculations  for  two  extreme  pro- 
files were  performed;  again,  the  differences  between  in- 
tegrated and  monochromatic  brightness  were  the  same  to 
within  about  0.02°K.  Thus,  for  the  frequency  character- 
istics of  this  radiometer,  and  if  departures  from  the  mean 
brightness  are  used,  we  may  make  the  approximation  of 
replacing  double  sideband  averages  by  the  value  at  the 
center  frequency. 

The  antenna  used  in  collecting  the  emission  data  was  a 
4-ft  Cassegrain-type  parabolic  dish  with  a  half-power 
main  beam  width  of  about  0.2°.  Any  antenna  measures  a 
weighted  brightness  distribution  over  a  sphere;  for  a 
narrow  beam  antenna  with  low  side  lobes,  the  antenna  and 
brightness  temperature  are  approximately  equal.  For  the 
antenna  described  above,  such  was  not  the  situation  as 
is  evident  from  figure  4  which  shows  the  average  of  84 
antenna  temperature  measurements  versus  the  band 
average  brightness  calculated  for  the  average  profile  dur- 
ing the  same  period.  Included  in  the  average  of  TA  were 
some  data  taken  in  the  presence  of  clouds.  Clouds  showed 
little  effect,  however,  except  during  periods  of  rain  and 
heavy  overcast,  periods  which  were  excluded  from  the 
average.  The    standard  method  of  converting   TA  to  Tb 
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Figuhk  A — Average  antenna  and  brightness  temperature  for  (Jpolu 
Point,  Hawaii,  Hawaii,  July- August  1968  (y=52.5  GHz). 


requires  convolution  of  a  known  gain  pattern  with  a 
background  brightness  model  to  estimate  the  stray  con- 
tribution to  TA  from  outside  the  main  beam.  The  stray 
contribution  is  then  subtracted  from  TA  to  get  Tt.  For 
the  dish  antenna  used  ill  Hawaii,  the  gain  pattern  was 
know  11  only  for  a  few  degrees  surrounding  the  main  beam, 
and  the  above  method  could  not  be  used.  A  statistical 
technique  of  estimating  Th  from  TA  will  be  discribed  below  . 
The  equation  relating  the  two,  namely, 

TA(9,p)<=l-  f  G(e,^,e',^')Tb(e',^)da'        (17) 

where  6  and  <p  are  elevation  and  azimuth  in  polar  coordi- 
nates, and  tlil  is  an  element  of  solid  angle,  is  similar  in 
form  to  an  integral  equation  of  the  first  kind.  If  noiseless 
measurements  of  7\(0.  y)  were  made  for  all  (0,  <p)  and  if 
the  antenna  gain  function,  G(d,  ip;  6',  ip'),  were  known, 
then  in  principle  ieq  17)  could  be  inverted  to  determine 
7\i9,  <p),  at  least  for  gain  functions  with  good  angular 
resolution.  In  practice,  only  a  finite  number  of  imperfect 
measurements  are  available.  However,  in  a  manner  similar 
to  the  technique  used  in  the  statistical  inversion  of  the 
transfer  equation,  the  antenna  temperature  measurements 
may  be  used  as  estimators  of  the  desired  brightness 
temperatures;  thus 
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where  the  summation  extends  over  the  number  of  observed 
antenna  temperatures,  7A  .  Physically,  il  is  reasonable  to 
assume  that  '/'„  could  be  approximated  by  a  weighted  sum 
of  well-chosen  antenna  temperatures  since  '/',  is  a  weighted 
average  of  '/'„.  The  coefficients,  Ct(0),  could  be  determined 
by  the  least-squares  criterion  if  a  simultaneous  collection 
of  correct  brightness  temperatures  ami  corresponding 
antenna  temperatures  were  available  over  a  representative 
ensemble  of  atmospheric  (and  surface)  conditions.  In  this 
way,  measurements  of  surface  emission  could  he  used  to 
improve  estimates  of  sky  brightness.  Assuming  the 
correctness  of  the  analytical  absorption  equations,  the 
"correct"  brightness  can  be  approximated  by  calculations 
based  upon  onsite  radiosonde  observations.  The  correct- 
ness of  the  absorption  equations  may  be  (and  were) 
independently  checked  by  other  methods  such  as  com- 
parison of  attenuation  calculations  based  on  radiosonde 
observations  with  zenith  attenuation  measurements.  To 
apply  this  technique  to  the  Hawaiian  data,  25  radiometer- 
radiosonde  profile  pairs  were  selected  at  random  and 
excluded  from  the  84  original  data  pairs  for  later  use  in 
inversion.  The  weighting  coefficients,  f\(d),  were  deter- 
mined by  least  squares  over  the  remaining  data.  The 
results  of  using  the  C,{8)  to  predict  the  original  25  bright- 
ness temperatures  are  shown  in  table  1.  The  average 
standard  deviation  per  angle  was  0.72°K.  This  is  about 
an  order  of  magnitude  greater  than  the  theoretical  receiver 
sensitivity,  which  was  0.13°K  foi  the  2%-min  averaging 
time. 

An  important  point  in  the  development  of  the  inversion 
method  derived  in  section  2  is  the  assumption  that  bright- 
ness fluctuations  may  be  linearly  related  to  profile  fluctua- 
tions. In  the  microwave  region,  where  the  Planck  function 
is  a  linear  function  of  temperature,  linearity  requires 
fluctuations  in  the  kernel  (derivative  of  the  trunsmissivity) 
to  be  linearly  related  to  profile  fluctuations.  The  accuracy 
of  the  linear  approximation  was  evaluated  exactly  at  52.5 
GHz  for  all  25  profiles  used  in  inversion  and  at  54.5  GHz 
for  two  extreme  profiles.  For  the  lower  frequency,  where 
the  emission  is  strongly  affected  by  water  vapor  fluctua- 
tions, the  rms  linearization  error  at  zenith  elevation  was 
0.36°K;  the  error  at  9=5.25°  was  ().07°K.  It  was  also 
noticed  that  the  zenith  linearization  error  had  an  average 
bias  of  — 0.25°K.  At  54.5  GHz,  where  the  variance  of  the 
weighting  function  is  much  less,  the  maximum  lineariza- 
tion errors  were  less  than  0.1°K. 

The  linear  model  developed  in  section  2  can  be  applied 
to  the  determination  of  the  atmospheric  contributions  to 
ground-based  observations  of  brightness  fluctuations.  At 
low  elevation  angles,  where  the  radiometer  is  viewing  the 
optically   opaque    portion    of    the    atmosphere,    intensity 
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fluctuations  are  caused  primarily  by  temperature  fluctua- 
tions; for  higher  angles,  where  the  optical  depth  is  less, 
fluctuations  in  optical  depth  may  add  a  component  to  the 
observed  intensity  fluctuations.  The  quantitative  descrip- 
tion of  the  relative  contributions  to  the  atmospheric 
brightness  fluctuations  is 

STk=ATStAi+ArST^i+  ■  ■  ■  +ArSrvA;+AfSrA*f. 

(19) 

The  diagonal  elements  of  ST(i  are  the  variances  of  atmos- 
pheric brightness  at  the  chosen  set  of  angles;  the  off- 
diagonal  elements  represent  the  covariances  between 
brightness  temperatures  at  different  angles.  The  bright- 
ness variance  at  the  I'th  angle  due  to  the  integrated  effect 
of  temperature  fluctuations,  say,  is  the  i'th  diagonal 
element  of  .lTST.4x.  Figure  5  shows  the  diagonal  elements 
of  the  various  matrices  as  a  function  of  elevation  angle 
for  the  April-July-August  Hawaiian  ensemble.  In  the 
notation  used  here,  V[Tt:T]  is  the  contribution  to  the 
variance  of  Tb  due  to  fluctuations  in  temperature  alone; 
V[T„]  is  the  total  variance  of  Tb.  The  correlation  effects 
between  the  three  parameters  p,  T,  and  r  are  small  as 
shown  by  approximate  equality  of  the  sum  of  the  three 
partial  variances  and  the  total  variance  V\Tb].  The 
surprising  feature  demonstrated  by  this  figure  is  the  large 
contribution  to  the  variance  at  the  higher  elevation 
angles  by  the  moisture  fluctuations.  The  water  vapor 
contribution  to  the  average  brightness  is  large  because 
of  the  large  amount  of  water  contained  in  the  narrow 
height  interval  from  the  surface  to  the  base  of  the  trade 
wind  inversion.  The  water  vapor  variance  is  particularly 
large  for  this  ensemble  because  of  the  contrast  between 
the  normal  trade  wind  pattern  that  was  present  in  much 
of  the  July-August  data  and  the  2-week  period  in  April 
when  the  trade  wind  pattern  was  interrupted  by  the 
so-called  kona  winds.  For  this  period,  in  which  the  trade 


Figurf.  6. — Same  as  figure  ">  except  constrained  surface  conditions 


wind    inversion    was   absent,   the    water   vapor   was   dis- 
tributed to  much  higher  altitudes. 

As  discussed  in  section  2,  atmospheric  fluctuations 
that  are  uncorrelated  with  the  temperature  have  the  same 
effect  on  the  inversion  process  as  instrumental  noise.  Thus, 
figure  5  shows  that  for  the  higher  elevation  angles,  the 
effective  signal  to  noise  ratio  is  less  than  unity.  The  obvious 
way  to  reduce  this  noise  level  would,  of  course,  be  to 
measure  the  emission  around  the  22.235  GHz  water  vapor* 
line.  Because  a  radiometer  at  this  frequency  was  not 
available,  only  surface  constraints  were  available  to 
reduce  the  noise  level.  Figure  6  shows  the  resulting 
contributions  to  the  variance  in  brightness  for  fixed 
surface  conditions.  Since  the  variance  in  moisture  dis- 
tribution was  primarily  related  to  the  presence  or  absence 
of  the  trade  wind  inversion,  the  surface  constraints  do 
little  to  affect  this  component  of  variance.  As  is  evident 
from  the  figures  for  both  constrained  and  unconstrained 
distributions,  the  pressure  effect  is  small.  The  fractional 
reduction  of  the  pressure  contribution  by  surface  con- 
straints is  substantial,  here  and  in  general,  because  pres- 
sure distributions  tend  to  be  highly  correlated.  Meteorological 
conditions  where  pressure  fluctuations  can  contribute  1  to  2 
(°K)2  to  the  zenith  brightness  variance  are  not  uncommon. 

Statistical  techniques  can  be  used  to  predict  the  accu- 
racy that  can  be  achieved  by  inverting  indirect  measure- 
ments (Westwater  and  Strand  1968).  This  accuracy  is  a 
function  of  the  statistical  characteristics  of  the  vertical 
temperature  structure,  the  shape  of  the  weighting  func- 
tions, the  measurement  noise  level,  and  the  number  of 
measurements  used.  The  accuracies  expected  for  Hawaiian 
statistics  constrained  to  surface  conditions  and  experi- 
mental noise  levels  determined  for  various  sets  of  the 
52.5  GHz  radiometer  data  are  shown  in  figure  7.  Here,  the 
curve  labeled  aT  shows  the  a  priori  standard  deviation  in 
temperature  as  a  function  of  height.  The  residual  standard 
errors  of  estimate  to  be  expected  after  inverting  measure- 
ments with  the  three  noise  levels  (average  per  angle  for 
nine  angles),  are  also  plotted  as  a  function  of  height.  Thus, 
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face conditions)  by  inversion  of  ">2.o  GHz  radiometer  data.  (Nine 
angles,  <r,  =  0.72°k.) 
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Figurk  8. — Upolu  Point,  Hawaii,  Hawaii,  temperature  profile 
derived  from  radiometer  measurements  at  .">2..">  GHz  using  con- 
strained statistics  for  (A)  1700  hst,  July  2lj,  and  (B)  000.5  hst, 
July  28. 
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Figure  9. — Upolu  Point  temperature  profile  derived  from  radio- 
meter measurements  at  52.5  GHz  for  0606  hst,  July  28,  using  (A) 
constrained  statistics  and  (B)  unconstrained  statistics. 


the  average  accuracy  expected  from  inversion  with  meas- 
urements of  the  assumed  accuracies  is  about  1°K  rms  error. 
The  intersection  of  the  residual  error  curves  occurs  because 
of  correlation  of  angular  measurement  errors. 

The  statistical  inversions  of  the  previously  described  25 
sets  of  angular  brightness  temperature  measurements  were 
performed  using  both  constrained  and  unconstrained  sta- 
tistics. These  profiles  were  excluded  from  the  statistical 
ensemble  used  in  constructing  the  relevant  covariance 
matrices.  Figure  8  shows  typical  inversion  results.  In  both 
cases,  the  inverted  profile  is  a  smoothed  version  of  the 
original,  with  a  smoothing  that  is  commensurate  with  the 
effective  noise  levels.  Note  that  the  trade  wind  inversion 
at  2  km  is  smoothed  out;  the  average  rms  deviation  per 
point  is  around  1°K,  a  figure  not  out  of  line  with  theoretical 
predictions,  The  effect  of  using  constrained  methods  is 
shown  in  figure  9  where  constrained  and  unconstrained 
inversions  are  compared  for  the  same  profile.  Using  con- 
strained  statistics   lowers   the   effective   noise    level    and 
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allows  some  of  the  higher  frequency  spaeial  components 
to  be  present  in  the  solution. 

The  summary  of  constrained  inversion  results  is  shown 
in  table  2.  The  tabulated  quantities  represent  average 
rms  errors  between  the  inverted  profile  and  the  radiosonde 
profile  at  each  quadrature  height.  The  indicated  90-per- 
cent confidence  limits  were  determined  using  the  x2-test 
with  25  degrees  of  freedom.  The  improvement  over  a  priori 
statistics  is  evident  as  shown,  with  the  exception  of  the 
2.00-km  level.  The  statistics  there  reflect  that  the  trade 
wind  inversion  is  being  smoothed  out  in  the  solution.  The 
improvement  over  the  original  statistics  is  not  particularly 
large  because  (1)  their  variance  is  small  and  further  reduc- 
tion is  difficult,  (2)  the  vertical  profiles  have  poor  auto- 
correlation (West water  1970),  and  (3)  the  contaminating 
effect  of  water  vapor  gives  rise  to  large  effective  noise 
levels  at  the  higher  elevation   angles.   The  average  rms 
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Table  2. — Summary  of  Hau-aiian  constrained  inversion  results  (i>  =  52.5  GHz,  9  angles).  Data  tin  basal  on  25  profiles  at  90-percent  rnnfi<lrnc( 
intervals.  T  is  radiosonde  temperature  profile,  T  is  inverted  temperature  profile,  T  is  constrained  mean  ■profile. 
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Table  3. — Comparison  of  experimental  versus  theoretical  accuracies  in  inversion  0  =  52.5  GHz,  9  angles).  Data  arc  based  on  25  profiles  at  90- 
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percent  confidence  intervals.  T,  T,  and  T  have  the  meanings  given  in  table  2. 
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accuracy  to  10  km  is  1.27°K  as  compared  with  an  accuracy 
of  1.42°K  achieved  by  using  only  constrained  statistics. 

As  mentioned  above,  the  theory  of  statistical  estimation 
allows  prediction  of  the  accuracies  to  be  achieved  by  in- 
version. In  table  3,  a  comparison  of  theoretical  predictions 
versus  experimental  results  are  shown.  The  theoretical 
values  represent  square  roots  of  the  diagonal  elements  of 
the  appropriate  covariance  matrices;  the  solution  covari- 
ance  matrix  was  calculated  using  the  effective  noise  level, 
S,'"  given  by  eq  (15),  a  procedure  that  neglects  the  correla- 
tion effects  between  temperature  and  the  other  variables. 
As  is  evident  from  inspection,  the  numbers  usually  agree 
within  the  90-pcrcent  confidence  limits. 


The  inversion  equations  developed  in  section  2  can  be 
used  to  estimate  each  component  contributing  to  the 
measured  brightness  fluctuations.  This  includes,  in  addi- 
tion to  temperature,  the  pressure,  relative  humidity,  and 
experimental  error  components.  The  25  measurements 
described  above,  when  inverted  for  pressure  and  relative 
humidity  profiles,  allowed  a  reduction  in  average  rras 
error  per  point  (constrained  surface  conditions)  from  0.78 
to  0.62  mb  in  pressure  and  1.57  to  1.35  gm-3  in  absolute 
humidity.  The  absolute  humidity  inversions  were  achieved 
by  linearly  inverting  the  temperature  and  relative  humid- 
ity profiles  and  then  combining  these  to  form  the 
absolute  humidity.  In  addition  to  profile  estimation,  the 
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point  estimates  of  absolute  humidity  were  integrated  with 
respect  to  height  to  form  estimates  of  the  total  vertical 
water  content.  The  water  content,  as  determined  by 
numerically  integrating  the  25  radiosonde  soundings, 
averaged  2.85  gem"2  with  a  range  of  1.95-4. 18  gem"2. 
The  rms  deviation  between  radiometrically  inferred  and 
radiosonde  measured  water  content  was  0.21  g-cm"2  and 
corresponded  to  a  correlation  coefficient  of  0.92.  This  was 
an  improvement  over  constrained  statistics  by  about  6  to  1. 

5.  ANALYSIS  AND  INVERSION  OF  SALT  LAKE 
CITY  RADIOMETER  DATA 

The  application  of  microwave  radiometry  to  remote 
probing  of  low  altitude  temperature  profiles  is  being 
investigated  experimentally  by  Sperry  Rand  Corporation 
(Mount  et  al.  1968).  To  further  test  statistical  inversion 
techniques  on  microwave  data,  we  procured  data  from 
one  of  their  field  tests.  The  analysis  and  inversion  of  these 
data  are  discussed  in  this  section. 

The  data  were  taken  at  Salt  Lake  City,  LHah.on  Aug.  15 
and  16,  1968,  during  clear  daytime  conditions.  Null 
balance  radiometer  measurements  of  thermal  emission  at 
discrete  elevation  angles  ranging  from  horizontal  to 
zenith  were  taken  at  54.0,  54.5,  and  55.0  GHz.  The 
radiometer  measurements  had  been  reduced  to  brightness 
temperature  by  Sperry  Rand  and  were  supplied  to  the 
author  in  this  form.  Supplementing  the  radiometer  data 
were  onsite  radiosonde  soundings  of  height,  pressure  and 
temperature  extending  to  400  mb  or  approximately  6  km 
above  the  surface;  the  meteorological  package  did  not 
have  a  humidity  sensor.  Nine  radiometer  runs  and  six 
balloon  soundings  were  taken. 

As  will  be  seen,  for  the  54-55  GHz  frequency  interval, 
theoretical  calculations  show  that  detailed  information 
about  the  temperature  structure  above  3  or  4  km  would  be 
difficult  to  obtain  by  inversion  of  radiometer  data.  Never- 
theless, at  high  elevation  angles  the  radiometer  can  detect 
gross  changes  in  atmospheric  structure  above  6  km. 
Calculations  of  vertical  brightness  using  the  Salt  Lake 
City  mean  atmosphere  indicated  that  a  10°-30°K  contri- 
bution would  arrive  at  the  ground  from  the  thermal  emis- 
sion above  6  km  (the  transmissivity  from  0  to  6  km  was 
0.23  at  54  GHz).  Since  meteorological  coordinates  were 
not  available  above  6  km  from  the  onsite  soundings,  the 
August  mean  profiles  of  temperature,  pressure,  and 
humidity  were  used  above  the  termination  point  for  the 
brightness  calculations  described  below.  Changing  the 
upper  level  profile  from  the  Salt  Lake  City  August  mean 
to  a  standard  atmosphere  resulted  in  a  3°K  change  at  54 
GHz,  a  0.5°K  change  at  54.5  GHz,  and  a  negligible  change 
at  55  GHz,  so  that  at  least  one  of  the  channels  was  sen- 
sitive to  gross  changes  in  the  atmosphere  above  400  mb. 

The  humidity  up  to  6  km  was  estimated  from  the  radio- 
sonde observations  at  the  Salt  Lake  City  airport,  roughly 
one  mile  away  from  the  radiometer  field  site.  At  the  sur- 
face, the  absolute  humidity  was  about  4  gm~3.  Calcula- 
tions of  wet  and  dry  absorption  indicated  that  the  relative 
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water  vapor  contribution  was  small  at  these  frequencies 
This  contrast  to  the  absorption  at  52.5  GHz  at  Hawaii 
occurs  because  (1)  the  water  content  of  Salt  Lake  City 
was  nearly  a  factor  of  three  less,  and  (2)  the  dry  absorp- 
tion was  from  three  to  five  times  greater,  depending  on 
the  frequency. 

Before  attempting  to  recover  temperature  profiles  from 
the  radiometer  data  described  above,  comparisons  of 
measured  brightness  with  brightness  calculations  based  on 
radiosondes  were  made.  The  oxygen  line  shape  parameters 
of  Carter  et  al.  (1968)  can  be  used  with  confidence  here 
since  they  were  derived  from  measurements  at  frequencies 
almost  coincident  with  the  54. 0-,  54.5-,  and  55.0-GHz 
channels.  Initial  calculations  showed  an  almost  constant 
difference  of  about  5°K  between  measurements  and  calcu- 
lations of  angular  brightness.  A  bias  correction,  approxi- 
mately equal  to  the  difference  between  the  ambient  sur- 
face temperature  and  the  horizontal  brightness,  removed 
the  major  portion  of  this  error.  Theoretically,  at  the 
highly  absorbing  frequencies  used  here,  the  horizontal 
brightness  is  nearly  equal  to  ambient  temperature  so  the 
magnitude  of  the  correction  was  reasonable.  Using  12 
pieces  of  data  at  54  GHz,  18  at  54.5  GHz,  and  48  at  55 
GHz,  a  single  bias  correction  was  determined  for  each 
frequency  by  least-squares  comparison  of  calculated 
versus  measured  brightness.  The  resulting  standard 
deviations  between  measured  and  calculated  brightness 
were  1.47°,  1.28°,  and  0.58°K  at  54.0,  54.5,  and  55.0  GHz, 
respectively.  When  the  same  procedure  was  applied  to 
half  of  the  above  data  sample,  neither  the  bias  correc- 
tions nor  the  standard  deviations  changed  appreciably 
from  the  above  values.  The  results  of  the  calculations 
and  measurements  are  shown  in  figure  10.  The  calculated 
average  brightness  temperatures  at  the  corresponding 
frequency  are  shown  in  each  graph  for  comparison  and, 
in  addition,  the  mean  brightness  calculations  are  shown 
separately  in  figure  11.  There  is  reasonable  agreement 
between  measurements  and  calculations  for  all  of  the 
nine  profiles.  Note  that  the  largest  deviation  at  i/  =  54.0 
GHz,  radiometer  time  2000-2020  mdt,  August  16 
(0200-0220  gmt,  August  17),  and  radiosonde  time  1747 
mdt  (2347  gmt),  August  16,  occurs  when  there  is  about  a 
2-hr  time  interval  between  radiometer  and  radiosonde 
observations. 

The  absence  of  the  bandwidth  correction  in  the  above 
calculations  should  be  noted.  The  radiometer  was  a  double 
sideband  type  with  an  intermediate  frequency  of  157.5 
MHz  and  an  equivalent  rectangular  bandwidth  of  160 
MHz.  The  filter  function  was  unknown,  but  calculations 
assuming  a  rectangular  filter  indicated  a  maximum  devi- 
ation from  linearity  of  about  1°  K  at  54  GHz  and  a  negli- 
gible effect  at  55  GHz.  As  indicated  previously,  when 
departures  from  averages  are  considered,  the  dependence 
on  bandwidth  is  considerably  reduced.  The  bandwidth 
effect  becomes  much  more  important  at  lower  pressures 
where  resonant  line  structure  is  resolved. 

The  theoretical  variance  in  brightness  temperature  as  a 
function  of  elevation  angle  at  each  of  the  three  operating 
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—Calculated  brightness  temperatures  at  Salt  Lake  City, 
(rM=54.0  GHz,  rM=54.5  GHz,  rM  =  55.0  GHz). 


frequencies  was  calculated  for  the  Salt  Lake  City  August 
statistics.  The  relevant  covariance  matrices  were  calcu- 
lated from  a  carefully  edited  ensemble  of  5  yr  of  twice  per 
day  radiosonde  soundings  (287  profiles).  In  contrast  to  the 
variance  calculations  at  52.5  GHz  for  Hawaiian  clima- 
tology, the  humidity  and  pressure  fluctuations  yielded 
a  contribution  to  total  variance  that  was  100  to  1  less  than 
that  due  to  temperature  fluctuations.  The  results  are 
shown  in  figures  12  and  13  for  unconstrained  and  con- 
strained surface  conditions,  respectively.  Note  the  large 
variance  in  the  unconstrained  case  at  low  elevation  angles, 
reflecting  the  large  dependence  on  the  highly  variable 
surface  temperature.  Although  the  imposition  of  surface 
constraints  considerably  lowers  the  total  variance,  the 
resulting  signal-to-noise  ratio  (of  variances)  is  around  25 
to  1  for  a  noise  level  of  0.5  °  K. 

Following  the  method  described  above,  the  accuracies  to 
be  expected  from  inverting  angular  measurements  at  54.0, 

January  1972    /    Westwater    /    25 


226 


30  60 

Elevation  Angle    (Degrees) 


12  3  4 

Temperature    Standard    Deviation    (K) 


Figure  12. — Calculated  unconstrained  variance  in  brightness  tem- 
perature at  Salt  Lake  City,  Utah,  in  August. 


Figure  14. — Theoretical  reduction  in  standard  deviation  of  tem- 
perature profiles  by  inversion  of  microwave  radiometer  data  at 
Salt  Lake  City,  Utah,  in  August,  using  constrained  statistics 
[<r(54.0  GHz),  5  angles,  <r,=  1.5°K;  .7(54.5  GHz),  10  angles, 
<r«  =  1.3°K;  (t(55.0  GHz),  10  angles,  <r,  =  0.6°K]. 
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Figure  13. — Calculated  variance  in  brightness  temperature  for  con- 
strained surface  conditions  at  Salt  Lake  City,  Utah,  in  August. 


54.5,  and  55.0  GHz  were  calculated.  The  results,  as  de- 
termined using  the  Salt  Lake  City  August  temperature 
covariance  matrix  appropriate  to  given  surface  condi- 
tions and  the  effective  noise  levels  determined  by  compar- 
ing measured  and  calculated  brightness,  are  shown  in 
figure  14.  As  expected,  both  the  magnitude  and  the  height 
distribution  of  the  temperature  variance  are  radically 
different  from  the  Hawaiian  ensemble  shown  previously. 
A  substantial  reduction  in  variance  is  predicted  below  3  km 
but  expected  results  approach  the  statistics  above  this 
height. 

The  mathematical  inversions  of  the  data  described 
above  were  achieved  by  the  same  techniques  that  were 
applied  to  the  Hawaiian  ensemble.  Pressure  and  humidity 
covariance  matrices  were  used  in  the  inversion  although 


their  effect  was  small.  All  results  shown  in  figure  15  used 
covariance  matrices  appropriate  to  constrained  surface 
conditions,  although  strictly  speaking  the  statistics  were 
non-Gaussian  (Westwater  1970).  Several  features  of  the 
figures  should  be  noted.  First,  all  inversions  of  hipse  pro- 
files are  almost  coincident  with  the  radiosonde  profiles. 
This  is  not  simply  reproducing  the  mean,  because  several 
of  the  conditional  averages  show  ground-based  thermal 
inversions.  However,  when  ground-based  thermal  inver- 
sions occur  their  features  are  clearly  defined.  The  structure 
of  the  elevated  isothermal  layer  occurring  at  1445  mdt 
(2045  gmt)  on  August  15  is  smoothed  out.  The  3°  K  maxi- 
mum difference  on  the  i>  =  55.0-GHz  inversion  on  the 
August  16,  0840  mdt  (1440  gmt)  sounding  occurs  around 
4.0  km,  well  out  of  the  range  of  this  strongly  absorbing 
channel.  This  is  slightly  above  two  standard  deviations 
of  the  theoretical  predictions  given  previously.  Note  that 
the  preceding  radiometer  run  at  54.0  GHz  at  0750-0850 
mdt  (1350-1450  gmt),  for  the  same  temperature  profile, 
corrects  the  above  errors  which  suggests  that,  even  with 
an  angular  scheme,  multispectral  measurements  can  com- 
plement each  other.  These  two  adjacent  radiometer 
runs  also  show  consistency  in  indicating  a  surface-based 
isothermal  layer  that  the  radiosonde  does  not  show.  This 
could  result  from  antenna  side  lobe  effects  or  from  smooth- 
ing due  to  inadequate  height  resolution. 

The  inversion  results  are  summarized  in  table  4.  Here, 
the  rms  differences  between  the  inverted  and  the  radio- 
sonde profiles  are  given  at  selected  heights.  In  addition, 
the  rms  differences  between  the  radiosonde  soundings  and 
the  mean  profile,  adjusted  to  the  same  surface  conditions, 
are  shown,  so  that  an  indication  of  the  amount  of  improve- 
ment over  past  statistics  can  be  seen  by  inspection.  Except 
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Figure  15. — Comparison  of  inverted  and  radiosonde  temperature  profiles  at  Salt  Lake  Citv,  Utah.  T  is  the  constrained  mean  temperature 

A 

T  is  the  radiosonde  measured  profile,  T  is  the  radiometricallv  determined  profile. 


for  the  0.105-km  level,  these  inversions  give  substantial 
improvement  over  pure  statistics  below  3  km.  The  average 
improvement  in  variance  was  about  25  to  1  over  this 
height  interval.  As  indicated  in  figure  14,  this  improve- 
ment is  expected  to  diminish  rapidly  above  3  km  for  all 
channels.  The  resulting  rms  errors  for  all  three  channels 
show  excellent  agreement  with  theory.  Note,  however, 
that  the  numbers  represent  rms  differences  and  are  not 
errors  in  inversion  unless  the  radiosonde  measures  the 
"true"  profile  exactly. 

6.  SUMMARY  AND  CONCLUSIONS 

The  technique  described  here  shows  promise  as  a  tool 
for  determining  low  altitude  temperature  profiles.  Micro- 
wave angular  emission  measurements  taken  at  two  loca- 


tions (during  cloudless  conditions)  were  used  to  recover 
low  altitude  profiles  with  a  rms  accuracy  of  about  1°K. 
Lapse  rate  and  ground-based  inversion  profiles  were 
successfully  inferred,  but  the  details  of  the  Hawaiian  trade 
wind  inversion  were  smoothed  out.  The  accuracies  of  the 
inferred  profiles  agree  well  with  predictions  based  on 
the  theory  of  statistical  estimation. 

Further  experimental  and  theoretical  work  is  necessary 
to  determine  the  limitations  and  extention  of  this  tech- 
nique, particularly  in  the  presence  of  clouds.  Additional 
refinements  in  equipment  include  the  use  of  an  antenna 
with  better  angular  resolution  and  a  radiometer  with  a 
mulfcifrequency  capacity.  A  four-channel  radiometer  de- 
veloped by  the  Wave  Propagation  Laboratory  of  NOAA 
will  soon  be  in  operation. 
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Table  4. — Comparison  of  inverted  and  radiosonde  temperature  profiles, 
Salt  Lake  City,  Utah,  Aug.  IS  and  16,  1968.  T,  T,  and  T  have  the 
meanings  given  in  table  8. 


Height 

»-M.O  OHt 
«.-l.5°K 
'J  profiles 

•  ■lit  Gill 
r.-1.8°K 

2  profiles 

►-m.o  at 

».-06°K 
6  profiles 

ii 

#(r-T) 

.(f-T) 

»(T-T) 

,cr-T) 

<r(T-7") 

»(7'-T) 

(°K) 

(°K> 

(°K) 

(°K) 

(°K) 

<°K) 

0.  00 

0.  00 

0.  00 

0.  00 

0.  00 

0.  00 

0.  00 

0.  105 

0.  71 

0.  93 

1.  16 

0.  37 

0.  92 

0.  47 

0.  221 

1.  07 

0.  37 

1.  99 

0.  35 

1.70 

0.  82 

0.  350. 

1    11 

0.69 

2.  76 

0.  32 

2.  38 

0.  50 

0.  491 

1.  48 

0.  21 

3.  39 

0.  26 

2.72 

0.  22 

1.  013 

2.  75 

0.60 

4.  51 

0.  59 

3.  60 

0.68 

1.  458 

2.98 

0.  48 

4.  96 

0.  86 

3.  82 

0.65 

2.  001 

3.  24 

0.  66 

3.  71 

0.  37 

3.  93 

0.  70 

2.  665 

3.  46 

1.08 

1.64 

1.67 

3.  58 

0.  62 

3.  050 

3.  06 

0.  89 

1.  55 

1.  93 

3.  24 

0.  66 

3.  946 

1.78 

1.  08 

1.  54 

1.  37 

2.  69 

1.62 

5.  040 

2.  98 

0.  50 

1.  87 

1.48 

3.  11 

1.  39 

Average 

of  20  points  to  6.4  km 

2.  71 

0.  83 

3.  16 

1.  21 

3.  24 

0.  88 
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MICROWAVE  EMISSION  FROM  CLOUDS 
Ed  R.  Westwater 


Calculations  of  microwave  thermal  emission  to  space 
from  Rayleigh  attenuating  clouds  are  given.   The  emission 
and  attenuation  from  ice,  water,  and  two-component  ice-water 
spheres  are  calculated  for  tropical,  arctic,  and  standard 
atmospheres  with  stratiform  clouds  and  thunderstorm  liquid 
water  distributions.   The  effect  of  clouds  on  temperature 
weighting  functions  is  considered.   Cumulative  distributions 
of  measured  attenuation  at  15.25,  31.65,  and  52.50  GHz  are 
presented.   The  Rayleigh  attenuation  from  two-component  spheres 
is  discussed  in  detail. 
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THE  SIZE  SPECTRUM  DETERMINATION  OF  SPHERICAL  AEROSOLS  BY  LIGHT  SCATTERING 

PART  I:  METHOD 

Ariel  Cohen 
Wave  Propagation  Laboratory 
Environmental   Research  Laboratories 
National  Oceanic  and  Atmospheric  Administration 
Boulder,  Colorado  80302 

INTRODUCTION 

The  scattering  functions  for  spherical   particles  with  size  parameters  a  =  2Tir/A>l   are  given  by 

( 1   2) 
the  Mie  theory.      '         The  theory  shows   that  unless  the  scattering  medium  is  composed  of  mono-dis- 
persed particles,   the  fluctuation  of  the  scattering  intensities  with  the  variation  of  either  the 

(3) 
incident  wavelength  or  with   the  radius  of  the  particles  cannot  be  easily  predicted.      '     The  usual 

method  to  overcome  this  difficulty  is   to  assume  an  experimentally-based  size  spectrum  function 
(such  as  the  Junge  distribution)  with,  normally,   two  parameters.  These  parameters  are  then  cal- 

culated from  the  behavior  of  the  scattering  or  the  extinction  of  light  as  a  function  of  wavelength 
by  the  examined  particles.  Polarization  properties  of  the  scattered  light  as  compared  with  the 

degree  of  polarization  of  the  incident  light  can  also  be  used  for  the  size  spectrum  definition  but 
their  use  requires  certain  assumptions,  among  others  -  the  number  densities  -  and  usually  does  not 
have  a  unique  solution. 

In  this  article  a  method  will  be  described  for  the  determination  of  the  size  spectrum  of 
spherical   particles  with  a  distribution  of  indices  of  refraction,  which  are  present  in  an  atmos- 
pheric volume  containing  aerosol  particles   (possibly  both  spherical  and  unspherical)  of  unknown 
nature  a  priori  based  on  the  properties  of  the  scattering  intensity  as  a  function  of  a.     The  method 
does  not  require  any  assumption  on  the  size  spectrum  function,  nor  does   it  demand  any  knowledge  of 
the  type  (refractive  index)  of  the  scattering  spheres. 

Method 

The  scattering  intensity  of  unpolarized  light  by  a  spherical  particle  having  a  size  parameter 

a  =  2TTr/X  and  a  known  index  of  refraction  n  =  f(x)  can  be  calculated  by  the  use  of  Mie  scattering 

(2) 
functions.    For  this  calculation,  the  polarized  component  (I..)  of  the  scattered  light  at 

6  =  90°  by  a  water  droplet  normal  to  the  scattering  plane,  was  chosen  as  an  example  (see  Figure  1). 

In  Table  I  a  series  of  oc.  values  is  given  for  which  I|(  .  have  maximal  values.  A  corresponding 

series  of  a.  values  for  which  I,,  .,  have  minimal  values  can  also  be  given  (13  pairs  of  minimal 

and  maximal  values  are  given  in  Table  II). 

Let  us  now  assume  that  the  relative  number  densities  (p!n  ,  pi  )  of  spherical  particles 
having  radii  r,;r?   and  refractive  index  n  (out  of  many  other  particles)  may  be  defined  by  measuring 
the  dependence  of  IM  (e  =  90°)  on  X  (wavelength).  The  method  suggested  here  is  as  follows:  each 
a.    determines  two  values  X.*n'(r,);  X.   (r»),  for  the  above  mentioned  spheres: 

Xl(n,(r1).2wr1/a((n);X((«)(r2).2irr2/a|,ll) 
We  now  measure  the  scattering  intensities  of  the  sample  as  a  continuous  function  of  wavelength, 
and,  thus  for  each  of  the  above  calculated  X.^n  ,  the  measured  intensity  I,,   (X.*n'[r])  1s  found. 
(In  this  work,  the  measured  intensities  are  divided  by  X^  ,  see  Example.) 
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If  we  define:  u  N 

^r).ty){xt^ir))-hHln){x\^{r))  0) 

V',>  •  Si;n,(^(B,(r1))  -  Zlg«"»(x;««Nr,))  da) 

A«<'2)'2lN(",(X,«"»(r2))-2:i|((»)(xj«-»(r2,)  (lb) 

(where  N  is  the  chosen  number  of  the  a*    and  a..*"'  values  for  which  the  theoretical  IM(a)  have 
maximum  [and  minimum]  values),  then  A  (r,)  /An(r2)  =  p^'/p^    with  an  increased  accuracy  with 
the  increasing  of  N.  The  function  An(r)  is  therefore,  proportional  to  the  size  spectrum  of  the 
particles  with  refractive  index  n,  acting  as  a  filter  with  100  percent  transmission  for  one  parti- 
cle and  almost  zero  percent  transmission  for  any  other  particle. 
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Fig.   1.     Computer  plotting  of  log^n  On  =  the  polarized  light,  normal  to  the  scattering 

plane),  as    a  function  of  a.     The  a  for  13  of  the  maximum  values  of  IM 

are  noted  on  the  abcissa.     Dots  and  plus  signs  on  the  graph  correspond  to  the  above 

a  values  multiplied  by  1.2.     It  can  be  seen  that  their  ordinate  values  are  "random"  with 

respect  to  the  maxima  and  minima  of  the  curve. 


To  prove  this  assertion,  one  has  to  check  the  contribution  of  any  other  particle  in  the  two 

roached 
depends 


summations  appearing  in  the  definition  of  A  (r)   (Equation  1)  and  to  show  that  it  can  be  approached 


to  zero.     For  example,  the  contribution  of  the  particles  having  radius  r2  in  Equation  la, 
on  the  <v'(r2)  values  corresponding  to  the  ^       (r^  and  X^n'(r,): 


•Within  a  range  defined  by  the  measuring  system,  i.e.   if  the  measurements  can  be  made  only  in 
the  visible  range,  the  a\   values  are  limited:  2^/0.7  £  *.  £  2Trr,/0.4  (r.  is  the  radius  of  the 
sphere,  the  number  density  of  which  is  to  be  defined). 
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.,«"»trt)-«»rt/X,«-»(rI)'(r«/r1)xa»-»Xt,  (2a) 

■l€',l«'«»-«r«/r1lx«SSSBl  (2b) 

It  can  be  seen  from  Table  I,   that  the  ratio  at  yav/ouli  uav  is  not  constant.     Nor  is 
(n)         (n)  1  .MAX     i  +  l,riAX 

the  ratio  of  «< ,MAX/a1+j ,MAX'  for  any  J> 

It  follows   that  the  particles  with  radii   r„  contribute  to  the  first  summation  of  Equation   la, 

practically  random  values   in  respect  to  the  appearance  of  maxima  and  minima  in  Figure  1.     Since 

the  same  effect  of  "randomization"   appears   in  the  second  summation  in    Equation  la,   the  submmations** 

for  the  r-,  particles  can  be  approached  to  the  same  value 


Contribution  0f  portion  having  radius  f,        Contribution  of  portion  having  rod lot  rt  (3) 


flffaUiM  -  If  C(*i(r*>)   Si  Zhux.r,  "  2h,,H.r, 


(see  example,  Section  III).  In  the  case  that  N  (-  the  number  of  maxima  and  minima  values),  derived 
from  Figure  1,  is  not  sufficient  in  order  to  achieve  a  desired  accuracy,  this  number  can  be  approxi- 
mately doubled  by  repeating  the  experiment  at  a  different  scattering  angle  or  at  a  different 
polarization  angle;  or  even  by  extinction  measurements. 

Now: 


(4) 


(5) 


*-MAX,r,"  ^MIM.r,* 

V  *  Pi  *  (  2yAXf  ,t  ~  2y,N,f  ^p,,,,,  „„„,,. 

where  V  is  the  scattering  volume. 
Also,  we  surely  have: 

Of  F  *  Z  *  F  *  Constant  ' 

where  IM  (a)  is  the  theoretical  (relative)  Mie  scattering  intensity  and  F  is  a  factor  of  the 
specific  experimental  system  for  rationalizing  the  units  of  intensity. 

By  elimination  between  (4)  and  (5),  and  substitution  into  (3),  we  get: 

An(f,).Vx^xFxZ-»  AV^W'AvxFxX)  (6) 

or  dropping  the  index  1,  we  get 

P,  '  A"(f  '/(VXFxJ)  (6a) 

QO 

If  the  incident  light  intensity  I    ,  is  a  function  of  the  wavelength  so  that  I     *   -/"f(x)dX 
(n)  00 

one  would  have  to  weigh  the  IMV   '   (X)  values   (appearing  in  Equation  1)  by  the  factors  f(x) 

Example 

To  illustrate  the  method,  let  us  assume  that  we  have  a  sample  of  molecular  air  containing 
spherical  water  particles  of  only  two  sizes  r,  =  2.0  urn  and  r2  =  2.4  urn.     In  Table  III,  the 


**Each  recorded  scattering  intensity  at  a  specific  wavelength  (I,,(X^))   1s  the  summation  of 
the  scattering  intensities  of  the  Individual  particles  having  radii   r,  and  r»: 
An(rk)  -   £    £    (Ir  (X1]  -  Ir  (xj)) 
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corresponding  A.  and  A,  values  are  listed  for  the  calculation  of  A(r, )  and  A(r~),  respectively. 
Since  I(a  =  2nr1/A1)/A1  =  I(a  =  Znr^/X^/X^     when  r1/A1  =  r2/A„,  the  experimental  values  are 
assumed  to  be  divided  by  A  (see  Figure  2a,  b).  This  is  done  to  permit  the  use  of  one  set  of 
I  =  f(a)  values  for  all  wavelengths  and  radii  of  particles.   13  maxima  and  13  minima  were  chosen 
for  both  the  calculation  of  A(r1)  and  A(r2);  A(r)  was  calculated  for  a  single  particle.   It  can 
be  seen  from  Table  II  that  the  contribution  of  the  particle  with  radius  r„(=  2.4  um)  in  the  value 
of  A(r1  =  2.0  um)  is  less  than  two  percent. 

The  same  calculations  for  the  contribution  of  the  particle  with  radius  r,  (=  2.0  um)  in  the 
value  of  A(r2  =  2.4  um)  show  that  it  is  less  than  1.3  percent. 

The  first  contribution  was  calculated  for 


and  the  second  for 
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Figure  2.     The  expected  90°  scattering 
intensities  measured  as  a  function  of  wave- 
length  (3000  A  <  \  <  15000  A)  of  the 
component  normal  to  the  scattering  plane, 
by  a  sample  includingwater  droplet  particles 
having  radii   r1  =  2.0  um  and  r„  =  2.4  um  (2a). 
In  Figure  2b  all   "measured"  values  are  multi- 
plied by  (7000/A)2. 


Figure  2b. 
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Table  I.  Maxima  of  scattering  function  I(|  ,  as  a  function  of  size  parameter^ 
a(e  scattering  =  90°,  n  =  1.33). 
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Table  II.     Demonstration  of  the  validity  of  the  assertion  that 
A^rl'  "  2MAX  r    "  2MIN  r     (Eo.uation  3)  for  2  water  droplets  of 
radii   r_/r,  ■  1.2  with  a  randomly  chosen  set  of  13  pairs  of  Omavi 
o^IIN"     (I,,  -  relative  units) 
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This  example  indicates  that  for  a  sample  of  water  particles  with  the  above  mentioned  sizes 
having  a  size  distribution  varying  within  one  order  of  magnitude,  13  maxima  and  13  minima  are 
sufficient  for  determining  the  size  distribution  to  a  high  degree  of  accuracy.  When  the  size  dis- 
tribution covers  a  variation  of  more  than  one  order  of  magnitude,  the  more  maxima  and  minima 
values,  the  better  precision  is  achieved. 

IM  (a),  with  ou,.x  •  and  ou.IN  .,  were  calculated  on  the  CDC  6400  computer,  at  the  Hebrew 
University  of  Jerusalem. 

Conclusions 

The  method  described  above  requires,  in  principle,  only  experimental  facilities  of  recording 
(preferably,  by  means  of  a  multi-channel  recorder)  scattering  (or  extinction)   intensities  as  a 
function  of  wavelengths.     It  can  be  seen  from  Table  III,  that  for  water  droplets  with  radii   varying 
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4220 
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3320 
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6580 
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5780 
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XMIN,1   A 

14780     12570 

10700 

9480 

6950 

6430 

5910 

5500 

5160 

4830 

4130 

3870 

3700 

Table  III.     Wavelengths  used  in  the  determination  of  the  number  densities  of  water  droplets  of 
radii  2.0  um  and  2.4  um. 

Note:     Since  any  random  size  distribution  may  be  devlded  into  sets  of  two  radii  each  ('"^•r^) 
so  that  r^/r,-  =  1.2,  the  respective  X  values  appearing  above  multiplied  by  the  factor  (r^/2.4) 
can  be  used  for  the  determination  of  the  number  densities  of  any  random  sample.     In  case  of  the 
available  aparatus  not  covering  the  required  range  of  X  values,  see  Conclusions. 

between  1.0  um  and  5.0  um,  the  aMAX  and  aMIfj  values,  given  as  an  example  in  this  work  (Figure  1, 
Table  II)   correspond  to  wavelengths  near  and  within  the  visual  range.     Since  the  experimental 
methods  of  wavelength-scanning  are  limited,  it  is  suggested  that  other  a^  and  a^  values  be  se- 
lected (not  appearing  in  Figure  1)  rather  than  change  the  wavelength  range  for  droplets  with  radii> 
5.0  um.     The  only  requirement  on  the  selection  of  these  a  values  is  that  the  Mie  scattering  intensi- 
ties corresponding  to  the  <*„.„   .  or  a^  ^  should  not  vary  by  more  than  an  order  of  magnitude 
(preferably  much  less). 

The  required  accuracy  1n  the  definition  of  the  scattering  angle,  for  this  purpose,  was  calcu- 
lated to  be  within  ±0.2  degrees. 

It  would  be  well   to  note  that  since  no  theoretical   limitations  are  Imposed  on  the  accuracy  In 
calculating  the  values  ou^j.  and  a^,  it  is  always  possible  to  calculate  these  values  to  an 
accuracy  compatible  with  the  wavelength  resolution  of  the  experimental  system. 
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Measurement  of  Mie  Scattering  Intensities  from 
Monodispersed  Spherical  Particles  as  a 
Function  of  Wavelength 

A.  Cohen,  V.  E.  Derr,  G.  T.  McNice,  and  R.  E.  Cupp 


Mie  scattering  intensities  as  a  function  of  the  size  parameter  are  measured  by  use  of  a  tunable  dye  laser 
and  monodispersed  spherical  particles.  The  experimental  results  are  compared  with  the  Mie  single 
scattering  theory;  a  discrepancy  in  the  exact  position  of  the  maxima  and  minima  was  detected.  Agree- 
ment between  experiment  and  theory  was  improved  by  applying  a  correction  to  the  manufacturer's  index 
of  refraction  function  for  the  particles. 


The  scattering  intensity  functions  for  spherical 
particles  having  radii  r,  greater  than  the  scattering 
wavelength  A,  were  developed  by  G.  Mie.1  Theoret- 
ical calculations  of  Mie  scattering  (MS)  intensity 
values  as  a  function  of  wavelength  have  been  carried 
out  by  several  authors  either  for  monodispersed  par- 
ticles or  a  distribution  of  particle  sizes.24  Since 
scattering  intensities  may  vary  by  more  than  one 
order  of  magnitude  with  a  change  of  2-5°  in  the  scat- 
tering angle  or  3-5  nm  in  the  scattering  wavelength, 
it  was  not  until  the  development  of  the  laser  that 
high  resolution  measurements  of  scattering  intensi- 
ties (with  respect  to  scattering  angle  or  wavelength) 
could  be  performed  with  facility.  Angular  depen- 
dence of  the  MS  functions  was  then  measured,5"7 
providing  the  first  experimental  verification  of  the 
exact  Mie  theory  of  scattering  from  spheres.  The 
MS  intensities  as  a  function  of  the  size  parameter  a 
=  2^r,/X;  for  a  fixed  scattering  angle  have  not  been 
measured  by  other  workers,  mainly  because  of  the 
discrete  monochromatic  characteristics  of  the  first 
generation  of  lasers. 

Here  we  present  MS  measurements  as  a  function 
of  the  wavelength  generated  by  a  tunable  dye  laser. 
(MS  intensity  measurements  as  a  function  of  the 
particle's  radius  were  carried  out  previously  by  one 
of  us,8  but  they  involve  the  assumption  that  the 
equations  for  particle  growth  by  condensation  are 
well  known.) 

The  MS  intensities  were  measured  for  a  constant 


All  the  authors  were  with  NOAA  Environmental  Research  Lab- 
oratories, Boulder.  Colorado  80302,  when  this  work  was  done;  A. 
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scattering  angle  and  for  three  samples  of  monodis- 
persed diluted  particles  suspended  in  distilled  water. 
The  experimental  arrangement  is  shown  in  Fig.  1. 
The  laser  was  a  flashlamp  pumped  dye  laser  with 
the  following  characteristics: 

Active  medium,  calcein  blue  in  water;  output 
energy,  10-3  J/pulse;  pulse  rate,  4  sec-1;  wave- 
length, 438-472  nm;  line  width,  <0.2  nm;  pulse 
width,  0.5  jisec;  beam  size,  1  mm;  polarization, 
unpolarized. 

The  output  of  the  laser  was  directed  through  a 
diverging  lens  and  a  beam  splitter  into  a  glass  cell 
containing  1.305-^m,  2.051-^m,  or  2.956-Mm  latex 
spheres  in  distilled  water.  The  lens  improved  signal 
statistics  by  expanding  the  beam  to  include  more 
scatterers.  Light  scattered  from  the  cell  was  apert- 
ured  to  define  a  0.5°  beam  and  detected  by  a  RCA 
1P28A  photomultiplier  at  a  scattering  angle  of  90.0 
±  0.3°. 

The  light  removed  from  the  main  beam  by  the 
beam  splitter  was  directed  to  a  second  RCA  1P28A 
photomultiplier  to  provide  a  reference  signal.  The 
outputs  of  both  photomultipliers  were  sampled  at 
the  peak  of  the  laser  pulse,  then  integrated,  and  fi- 
nally directed  to  an  analog  divider,  where  the  signal 
from  the  sample  cell  was  divided  by  the  reference 
signal,  thus  removing  most  of  the  effects  of  varia- 
tions in  laser  output  power  and  spectral  response  of 
the  photomultipliers.  The  output  of  the  analog  di- 
vider was  recorded  on  a  strip-chart  recorder,  and  the 
laser  wavelength  was  calibrated  against  a  mercury 
spectrum  in  a  Bausch  and  Lomb  1.5-m  grating  spec- 
trograph. 

The  experimental  results  of  the  MS  as  a  function 
of  wavelength  are  shown  in  Fig.  2.  The  particles 
were  polyvinyl  toluene  latex  (obtained  from  the  Dow 
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Fig.  1.     Schematic  diagram  of  the  experimental  arrangement. 


441  447  453  459  465  47! 

Wavelength       ( nm  ) 

Fig.  2.  Measured  90°  scattering  intensities  as  a  function  of 
wavelength  for  438  nm  <  X  <  471  nm.  The  solid  curves  are  ex- 
amples of  a  series  of  repeating  curves  for  each  particle  size:  (a) 
1.305  vm:  lb)  2.051  Mm;  lo  2.956  ^m.  The  dashed  curves  are  ref- 
erence curves  obtained  by  replacing  the  monodispersed  spheres 
with  a  white,  diffuse  target. 


Chemical  Company),  the  refractive  index  of  which 
(relative  to  water)  was  assumed  to  be  1.18  for  room 
temperature  and  the  above-mentioned  scattering 
wavelengths.  The  value  of  1.18  was  derived  from 
the  refractive  index  relative  to  air  as  measured  by 
the  manufacturers  of  the  particles. 


In  Fig.  3(a),  the  theoretical  MS  curve  is  presented 
as  a  function  of  the  size  parameter  a  (in  incremental 
steps  of  A«  =  0.1)  for  the  scattering  angle:  ft  =  90.0° 
and  relative  index  of  refraction  n  =  1.181  -  O.Oi 
Figure  3(b)-(d)  are  subsections  of  Fig.  3(a),  corre- 
sponding to  the  size-parameter  ranges  defined  by  the 
radii  of  the  particles  and  the  wavelengths  of  the  ex- 
periments.   The  incremental  steps  used  in  the  calcu- 


447  453  459 

Wavelength         (nm) 

Fig.  3.     Theoretical  90°  scattering  intensities  for  spherical  parti- 
cles having  a  refractive  index  of  n  =  1.81  -  O.Oi     (a)  0.0  <  2  *r/X 

<  45.0.     (b)  r  =  1.305  ^m  and  438  nm  <  X  <  471  nm  (17.4  <  2 
irr/X  <   18.7).     (c)  r  =  2.051  ^m  and  438  nm  <  A  <  471  nm  (27.3 

<  2*t/a  <  29.4).     (d)  r  =  2.956  ^m  and  438  nm  <  X  <  471  nm 

(39.4  <  27rr/X  <  42.4). 
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Fig.  4.  The  log  of  the  scattering  in- 
tensities of  the  component  normal  to 
the  scattering  plane  as  a  function  of 
wavelength;  the  scattering  angle  8  = 
90°  +,  m  =  1.33;  O,  m  =  m  (X).  (a) 
R  (=  radius  of  scattering  sphere)  =  4.5 
p;(b)R  =  2.5/1. 
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lation  of  the  last  three  curves  were  AX  =  0.2  nm,  and 
the  scattering  values  were  averaged  over  0.6°,  cen- 
tered at  a  scattering  angle  of  8  =  90°. 

Agreement  between  experimental  measurements 
and  theory  proves  the  feasibility  of  the  method  to 
provide  an  experimental  determination  of  the  MS 
intensities  as  a  function  of  wavelength.  The  small 
shifts  in  the  theoretical  positions  of  the  maxima  and 
minima  (with  respect  to  wavelength),  as  compared 
to  the  experimental  results,  are  believed  to  be  caused 
by  the  use  of  a  constant  refractive  index  for  the  theo- 
retical calculations. 

In  order  to  illustrate  the  dependence  of  the  MS  in- 
tensities on  small  variations  of  the  relative  index  of 
refraction  we  calculated  the  90°  scattering  intensity 
of  the  visible  light  by  monodispersed  water  droplets, 
once  by  assuming  that  the  refractive  index  is  con- 
stant, i.e.,  m  =  1.33,  and  once  by  substituting  the 
exact  values  of  m  as  a  function  of  wavelength  (see 
Fig.  4.). 

The  main  characteristics  of  the  computational  re- 
sults, for  a  scattering  angle  6  =  90°,  can  be  summa- 
rized as  follows: 

Let  h  (a  =  2nr0/X,  13  =  «m0)  be  the  MS  intensity 
value  calculated  as  a  function  of  the  wavelength  X, 
where  mo  is  a  constant  index  of  refraction,  and  let  /2 
[a  =  2irro/\,  IS  =  am(X)]  be  the  MS  intensity  value 
for  the  exact  index  of  refraction;  then  in  the  visible 
range  for  each  value  of  I\  there  is  a  corresponding 
equal  value  of  I2  calculated  for  a  slightly  different  a 
value.  The  more  the  deviation  of  m(X)  from  mo,  the 
larger  the  difference  in  the  a  values.  As  a  conse- 
quence, if  a  constant  index  of  refraction  mo  is  used 
for  the  theoretical  determination  of  the  MS  for 
monodispersed  particles  as  a  function  of  a,  the  posi- 
tions of  the  maxima  and  minima  values  in  the  calcu- 
lations will  be  shifted  (in  respect  to  the  wavelength) 
in  correspondence  with  the  deviation  of  mo  from  the 
exact  refractive  index  of  the  particles. 

In  the  comparison  of  Figs.  2(c)  and  3(d),  it  can  be 
seen  that  one  of  the  calculated  maxima  for  m  ^  1.18 
appears  at  X  =*  448  nm  while  the  corresponding  (in 
respect  to  the  general  shape  of  the  intensity  func- 


tion) measured  maximum  was  recorded  at  X  =*  441 
nm.  The. second  calculated  and  measured  maxima 
are  centered  at  X  ^  458  nm  and  X  =*  nm,  respective- 
ly. These  two  deviations  can  be  corrected  by  asso- 
ciating with  the  monodispersed  particles  an  index  of 
refraction  obeying  the  equation 


m(\)  =  L161   +  (X  -  440)  X  10"",/ 1.5 


(1) 


where  440  nm  <  X  <  471  nm.    The  results  are  shown 
in  Fig.  5. 

In  order  to  verify  whether  the  linear  approxima- 
tion suggested  by  Eq.  (1)  is  the  only  (within  a  cer- 
tain degree  of  accuracy)  solution  for  the  refractive 
index  as  a  function  of  wavelength,  we  examined  the 
following  other  possible  solutions: 

(a)m(X)   =   const.  ^  1.181. 

In  doing  so,  i.e.,  in  trying  to  fit  another  constant 
value  for  the  refractive  index,  we  shifted  the  posi- 
tions of  all  maxima  and  minima  but  almost  no 
change  in  their  mutual  separation  was  achieved. 
The  introduction  of  an  absorption  coefficient  [m(X) 
=  1.181  -  0.10  partially  smothered  out  the  maxima 
and  minima  without  shifting  from  the  wavelengths 
in  Fig.  3. 

(b)  Associate  the  three  maxima  of  Fig.  2(c)  to  an- 
other similar  group  of  maxima  in  Fig.  3(a),  i.e., 
suggest  much  larger  deviations  of  the  refractive 
index  for  the  whole  wavelength  range  in  comparison 
with  those  defined  by  Fig.  3. 

The  extrapolation  of  Fig.  3  was  used  to  estimate 
the  required  index  of  refraction  m  (X  =  467)  for 
shifting  the  theoretical  maximum  at  X  ^  448  nm 
[Fig.  3(d)]  to  the  measured  maximum  at  X  =*  467 
nm. 

m(X  =  467)  ^  L24 

The  same  deviation  in  the  index  of  refraction  was 
then  applied  to  Fig.  3(b)-(c)  and  on  the  basis  of  the 
disagreement  between  the  corresponding  measured 
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Fig.  5.     Theoretical  90°  scattering  intensities  for  spherical  parti- 
cles having  a  refractive  index  of  n  =  1.16  +  (A  -  440)  x  10   4/1.5. 
(a)r  =  1.305Mm;(b)r  =  2.051  Mm;  (c)  r  =  2.956Mm. 


(4)  The  refractive  index  as  a  function  of  wave- 
length can  be  studied  and  determined  for  various 
types  of  aerosols,  thus  permitting  a  higher  accuracy 
and  reliability  in  the  inversion  procedure  of  MS  data 
into  the  size  distribution  of  a  sample  of  particles. 


The  results  of  this  experiment,  and  Blau's  results, 
indicate  that  for  most  practical  uses  the  MS  theory 
provides  an  accurate  scattering  curve  for  real  spheri- 
cal particles. 


On  the  other  hand,  the  agreement  between  the 
data  and  the  MS  theory  proves  the  capabilities  of 
this  experimental  system  for  the  laboratory  measure- 
ment of  scattering  as  a  function  of  wavelength  of 
complex  nonspherical  atmospheric  particles  for 
which  no  theory  exists. 


The  research  was  accomplished  while  one  of  the 
authors  (A.C.)  held  a  National  Research  Council 
Postdoctoral  Resident  Research  Associateship  sup- 
ported by  the  National  Oceanic  and  Atmospheric 
Administration. 
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RESEARCH  PROBLEMS  IN  THE  USE  OF  LIDAR  IN 
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Boulder,  Colorado 

Introduction 

The  purpose  of  this  workshop  is  to  present  discussions 
of  the  research  problems  remaining  in  the  understanding, 
measurement  and  control  of  air  and  water  pollution.   These 
research  problems  can  then  be  studied  where  appropriate 
knowledge  and  facilities  exist. 

One  of  the  earliest  uses  of  lidar  was  in  the  determi- 
nation of  the  presence  of  aerosols,  but  it  also  has  direct 
application  to  the  specific  task  of  remote  detection  and 
measurement  of  gaseous  pollutants  when  Raman  scattering 
and  fluorescence  are  employed.   These  radiative  interac- 
tions produce  an  output  at  a  frequency  that  differs  from 
the  irradiating  frequency.   The  frequency  of  the  scattered 
radiation  is  usually  uniquely  related  to  the  scattering 
molecule,  allowing  identification.   Thus  lidar  can  be  used 
in  the  remote  measurement  of  water  profiles  by  Raman  scat- 
tering, and  also  in  the  remote  measurement  of  wind  pro- 
files by  the  use  of  Mie  scattering.   Wind  and  water  vapor 
profiles  are  important  in  the  prediction  of  weather  condi- 
tions leading  to  pollution  trapping  or  dissemination  con- 
ditions.  The  use  of  lidar  in  the  measurement  of  aerosols, 
smoke  stack  constituents,  humidity  profiles,  and  wind  ve- 
locities will  be  discussed,  and  the  limitations  of  present 
systems  that  are  potentially  removable  through  research 
will  be  pointed  out.   More  detailed  consideration  of  the 
use  of  lasers  may  be  found  in  references  1,  2,  and  3, 
with  extensive  literature  references  in  reference  1. 
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Use  of  lidar  in  aerosol  determination  and  wind  sensing 

Atmospheric  aerosols  scatter  laser  radiation  so  strong- 
ly that  the  location  of  aerosol  layers  is  only  prevented 
when  the  attenuation  due  to  atmospheric  loading  is  very 
high.   Indeed  aerosols  have  been  detected  above  90  km  by 
lidar.   However  important  limitations  occur  in  the  inter- 
pretation of  lidar  signals  from  aerosols  since  the  infor- 
mation received  is  usually  not  sufficient  to  allow  the  de- 
termination of  an  unknown  distribution  of  sizes  and  shapes 
by  solution  of  the  radar  equation.   Since  the  product  of 
the  backscattering  coefficient  and  the  attenuation  factor 
occur  in  the  system  equation  (Reference  1)  they  cannot  be 
separately  determined  by  examining  the  Mie  scattering  a- 
lone,  at  a  single  frequency. 

Two  additional  pieces  of  information  aid  in  distin- 
guishing between  molecular  and  aerosol  scattering,  the 
specifically  molecular  information  inherent  in  Raman  scat- 
tering, and  the  Doppler  spectrum  of  the  on-frequency  back- 
scattering.   The  latter  method  depends  on  the  difference 
in  the  Doppler  spectrum  of  air  molecules  and  the  much 
heavier  and,  on  the  average,  slower,  aerosol  particles. 
With  this  information,  the  knowledge  of  the  presence  and 
opacity  of  atmospheric  aerosol  layers  can  be  supplemented 
by  further  details  of  the  nature  of  the  aerosols,  reducing 
the  requirements  on  the  specifications  of  the  atmosphere 
model,  although  it  appears  that  some  limitations  on  the 
possible  aerosol  constitution  will  always  have  to  be  as- 
sumed.  In  practice,  this  is  probably  not  a  serious  limi- 
tation since  aerosols  are  very  frequently  of  known  origin, 
and  their  distributions  are  often  known  by  prior  observa- 
tion within  broad  limits. 

• 

In  the  real  atmosphere,  passive  additives  that  are  car- 
ried along  by  the  prevailing  wind  are  inhomogeneous .   To 
the  extent  that  the  structure  of  the  turbulent  eddies  per- 
sists as  they  travel  with  the  wind,  they  can  bi  observed 
at  two  points  separated  by  a  known  distance.   Lven  in 
strong  mixing  conditions,  the  eddy  structure  remains  rec- 
ognizable over  useful  distances.   Thus,  by  a  pattern  rec- 
ognition process,  such  as  cross  correlation,  we  can  compare 
the  signals  at  two  points  in  the  wind  stream,  determining 
velocity  from  the  passage  time  of  eddies  (Reference  1) 
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Active  and  passive  correlation  methods  have  been  effec- 
tive in  wind  tunnels.   Passive  methods  have  been  used  in 
the  field,  but  their  signal-to-noise  ratio  is  unfavorable 
(Reference  3) .   Active  wind  sensing  methods  using  lasers 
to  illuminate  the  atmosphere  have  been  used  by  V.E.  Derr 
and  R.G.  Strauch  at  ESSA  Research  Laboratories.   Fig.  1 
shows  a  simple  scheme  used  to  test  the  method.   (It  is  too 
cumbersome  to  use  in  practice,  since  the  wind  direction 
changes  frequently.)   A  coaxial  transmitter  and  receiver 
(or  closely  coupled  parallel  axes)  may  be  used  as  in  Fig. 2. 
The  beam  is  conically  scanned  at  so  rapid  a  rate  that  no 
turbulence  crosses  the  cone  unilluminated ,  and  with  suf- 
ficiently high  pulse  repetition  frequency  that  the  turbu- 
lent spectra  is  sampled.   The  cone  may  be  divided  into  ele- 
ments and  cross  correlation  between  elements  may  be  used  to 
detect  the  drift  of  turbulence  across  the  cone,  while  the 
height  is  determined  by  ranging.   The  data  rate  is  high 
and  would  require  special  purpose  data  processing  equip- 
ment, especially  if  off-frequency  backscattering  is  also 
examined  by  a  scanning  monochromator .   (The  later  device 
would  allow  the  simultaneous  determination  of  water  vapor 
profiles  by  Raman  backscattering  as  described  below.) 

Fig.  1  shows  a  typical  output  of  two  laser  illuminated 
cells  of  the  atmosphere  examined  by  two  telescopes.   The 
output  of  receiver  B  is  delayed  by  an  average  of  one  sec- 
ond with  respect  to  receiver  A.   Parts  of  the  record  re- 
quire a  cross  correlation  analysis  to  determine  wind  speed, 
but  large  fluctuations  which  allow  determination  of  wind 
velocity  from  visual  examination  of  the  record  occur  with 
great  frequency  when  the  wind  is  steady.   The  record  above 
was  taken  under  light,  variable  wind  conditions,  from  0  to 
10  mph  in  the  configuration  shown  in  Fig.  1. 

• 

Research  areas  in  aerosol  and  wind  determination 

The  determination  of  the  presence  of  aerosols  is  easily 
done  by  present  lidar  systems  to  great  altitudes.   The  ma- 
jor problems  remaining  are  the  determination  of  size  and 
shape  distributions  and  the  determination  of  composition  by 
remote  means.   Better  statistics  of  atmospheric  aerosol 
composition  are  required  in  order  to  set  limitations  on 
possible  distributions  in  nature.   The  size  and  shape  dis- 
tribution can  be  partially  determined  by  the  scattered 
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curves.   The  graph  has  been  computed  for  one  pulse;  the 
lidar  is  capable  of  100  pulses  per  second.   Integration 
times  of  several  hundred  seconds  are  not  unreasonable  in 
applications.   The  transmitter  characteristics  shown  are 
those  of  a  commercially  available  pulsed  nitrogen  laser; 
the  receiver  has  very  modest  dimensions,  and  could  be  im- 
proved.  The  cross  sections  listed  are  estimated  for  the 
graph  and  should  not  be  construed  as  accurate  to  closer 
than  an  order  of  magnitude. 

Water  vapor  in  the  atmosphere  has  been  detected  and  a 
humidity  profile  determined  to  several  thousand  meters 
with  ruby  laser  systems  by  a  few  minutes  integration,  and 
this  could  also  be  done  with  the  system  described  above. 
With  such  a  system  only  short  ranges  may  be  achieved  in 
daylight  because  of  the  sky  background.   Of  course  the  re- 
ceiver may  be  improved  by  a  larger  collector;  this  helps 
only  a  little  since  when  background  limited,  the  increase 
in  signal  is  partially  offset.   The  increase  in  SNR  would 
be  a  factor  of  the  square  root  of  the  collector  area  in- 
crease, or  by  the  increase  in  linear  dimensions.   A  sig- 
nificant increase  in  SNR  could  be  obtained  by  operating  in 
the  spectral  region  below  2900  A,  where  the  strong  solar 
absorption  by  stratospheric  ozone  lowers  the  background 
noise  to  a  level  below  that  of  the  best  detectors.   At 
short  range,  pollutants  such  as  S0a  have  been  detected  by 
Raman  lidar,  as  well  as  impurities  in  water. 

Research  areas  in  Raman  and  fluorscent  lidar 

The  use  of  backscattered  off-frequency  radiation  has 
important  potential  uses  in  remote  identification  of  atmos- 
pheric, oceanic  and  terrestrial  constituents,  in  the  study 
of  atmospheric  statistics,  in  cloud  height  and  wind  veloci- 
ty measurement  and  in  precise  measurement  of  the  ratios  of 
atmospheric  constituents2.   Some  of  these,  such  as  the 
measurement  of  humidity  profiles,  have  essentially  been 
proven.   The  extension  of  the  method  to  other  problems  de- 
pends very  strongly  on  the  results  in  achieved  in  research 
areas  relating  to  the  components,  and  the  basic  spectro- 
scopic properties  of  the  atmosphere. 

For  tropospheric  use,  transmitters  in  the  ultraviolet 
below  2900  A  would  be  preferable  because  the  intensity  of 
Raman  scattering  is  generally  proportional  to  the  fourth 


245 


signal  amplitude  recorded  as  a  function  of  frequency;  thus 
the  development  of  lasers  tunable  over  wide  frequency 
ranges  is  important.   The  most  likely  approaches  appear  to 
be  in  dye  lasers  and  in  parametric  devices. 

Thus  far,  insufficient  attention  has  been  given  to  the 
depolarization  effects  of  Mie  particles  and  both  theoreti- 
cal and  experimental  investigations  are  needed  here.   The 
composition  can  be  obtained  only  by  off-frequency  backscat- 
tering  and  probably  only  by  either  Raman  scattering  or 
fluorescence.   The  field  of  shifted  frequency  scattering 
from  aerosols  has  not  received  very  much  attention  and  may 
be  very  fruitful.   It  has  been  noted  by  researchers  that 
an  ultraviolet  laser  does  produce  strong  fluorescence  in 
some  dust  particles  and  not  in  others;  also  some  insects 
are  observed  to  fluoresce  strongly. 

Further,  the  use  of  Doppler  lidar  methods  for  wind 
measurement  should  be  explored.   These  have  been  used  at 
short  ranges.   They  require  the  development  of  highly  sta- 
ble, high  power  lasers,  but  may  be  eventually  the  best 
method  of  wind  velocity  measurement.   The  Doppler  method 
is  limited  to  the  measurement  of  radial  components  while 
correlation  methods  measure  transverse  components. 

Raman  and  fluorescent  scattering  in  laser  ranging 

In  addition  to  the  radiation  scattered  by  atmospheric 
constituents  at  the  frequency  of  the  lidar  transmitter, 
frequency-displaced  signals  are  also  received,  either  from 
Raman  scattering  or  fluorescence.   As  mentioned  above,  the 
spectral  frequency  of  the  Raman  or  fluorescence  signal  is 
specific  to  the  molecules  interacting  with  the  lidar  radi- 
ation and  is  a  means  of  identification,  unlike  Rayleigh  or 
Mie  scattering.   Specific  cases  of  Raman  scattering  by  at- 
mospheric constituents  are  summarized  in  Fig.  3.   The  num- 
ber of  signal  photons  received  is  shown  as  a  function  of 
range.   Sky  background  noise  appears  on  the  same  ordinate 
scale.   The  rms  values  of  the  sky  noise  are  the  most  sig- 
nificant, in  the  absence  of  saturation,  since  the  average 
level  can  be  suppressed.   The  right  side  shows  the  detector 
dark  noise  from  some  selected  photomultiplers.   The  graph 
can  be  used  to  determine  the  SNR  of  any  gas  with  the  same 
backscattering  cross  section  as  N3  by  reference  to  the  ppm 
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power  of  the  frequency  of  the  irradiating  source,  and  so- 
lar background  noise  is  largely  eliminated  by  the  strong 
absorption  by  ozone  in  the  upper  atmosphere.   The  wave- 
length chosen  must  be  short  of  the  oxygen  absorption  be- 
ginning at  1800  A.   The  development  of  suitable  lasers  in 
the  2000  A  to  2900  A  range  would  have  important  conse- 
quences in  pollution  measurement. 

At  this  time  field-worthy  laser  transmitters  below 
2900  A  are  unavailable.   The  closest  to  realization  is  the 
quadrupled  neodymium  laser  near  2650  A,  but  the  efficiency 
is  low  and  the  adjustment  is  tedious.   Ideally,  a  tunable 
pulsed  laser  below  2900  A  with  105W  peak  power,  10  ns 
pulse  width,  and  1000  pulses  per  second,  could  perform 
most  of  the  tasks  outlined  above;  no  such  equipment  is  in 
the  field  at  present.   Probably  pulsed  gas  lasers  offer 
the  most  likely  future  possibility.   An  additional  impor- 
tant factor  in  a  laser  transmitter  is  the  brightness  of 
beam  divergence.   Indeed  the  greatest  single  source  of 
loss  in  lidar  systems  is  usually  found  in  the  mismatch  of 
transmitter  and  receiver  apertures.   Greater  brightness  is 
always  an  advantage;  a  beam  with  no  greater  divergence 
than  2  mr  is  a  good  design  goal.   Finally,  the  laser  out- 
put should  be  free  of  fluorescence  or  any  radiation  other 
than  the  laser  output. 

The  optics  of  the  receiver  must  be  treated  for  high 
reflectivity  (mirrors)  or  transmission  (lenses)  in  the 
ultraviolet.   The  techniques  of  interference  filters  could 
be  applied  here.   There  is  an  additional  problem  observed 
by  workers  in  the  field,  -  almost  everything  fluoresces 
under  short  ultraviolet  radiation.   Lenses,  filters,  win- 
dows, the  dust  of  the  atmosphere,  black  paint  and  water 
droplets  all  fluoresce.   At  present  very  pure  quartz  is 
one  of  the  few  materials  which  can  be  used.   The  problem 
can  be  alleviated  by  a  judicious  placement  of  the  compon- 
ents of  the  optical  train,  but  new  non-f luorescing  materi- 
als of  optical  quality  would  be  very  welcome.   It  has  been 
observed  that  some  plastics  fluoresce  much  less  than  other 
materials  and  purification  of  them  might  be  profitable. 

The  use  of  wavelengths  below  2900  A  requires  a  careful 
measurement  of  the  attenuation  coefficient  of  the  atmos- 
phere in  the  wavelength  range  2000-3000  A  and  a  distance 
up  to  10  km.   Further,  more  exact  measurements  of  solar 
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absorption  in  this  part  of  the  spectrum  are  necessary  in 
order  to  determine  system  range  capability. 

Until  recently,  the  manufacturers  of  photomultipliers 
have  paid  very  little  attention  to  the  needs  of  lidar  sys- 
tems; the  principal  developments  in  phototubes  have  accommo- 
dated the  nuclear  scintillation  counting  art.   Phototubes 
of  higher  quantum  efficiency,  solar  blind,  with  high  gain 
and  rise  times  of  a  few  nanoseconds  are  needed.   The  cath- 
ode should  be  solid,  for  high  efficiency,  the  envelope 
should  be  of  ultraviolet  transmitting  material,  and  the 
gain  should  be  at  least  10d .   The  tube  should  be  end-on  so 
that  a  low  silhouette  can  be  obtained  in  use  at  the  Coude 
focus.   The  tube  base  should  be  left  off  so  resistors  and 
a  small  transistorized  preamplifier  can  be  soldered  direct- 
ly to  the  leads.   The  effective  sensitive  area  should  not 
be  less  than  an  inch  in  diameter  to  prevent  vignetting  the 
field.   The  dark  count,  uncooled,  should  not  be  more  than 
100  per  second. 

Although  improvements  in  system  components  can  be  ex- 
pected to  increase  the  effectiveness  of  lidar  in  pollution 
measurement,  it  will  probably  be  limited  to  lower  atmos- 
pheric uses  for  constituents  with  the  presently  known  cross 
sections.   Even  the  use  of  the  highest  lidar  frequency  a- 
vailable  will  not  substantially  change  this  estimate.   It 
is  necessary  to  examine  to  what  extent  we  may  hope  for 
larger  cross  sections.   Aside  from  the  fourth  power  fre- 
quency dependence  of  cross  sections,  there  is  a  dependence 
on  resonance  denominators. 

The  intensity  of  Raman  lines,  when  the  molecule  makes 
a  transition  from  state  m  to  state  n,  is  given  by 

I  =  4A  Io(v   -  |v   I  )4  E  |  a      |2 
3  c    v  o   '  mn1   pa    pa,mn|  , 

where  a      is  the  pa(=X, Y.Z)  component  of  the  scattering 
pa, inn  '  '      r 

dyadic 

1  1    rn  mr  mr  rn 

a    =  —      — + 


mn   h  r   v   -v  +iy      v  +v  +  iy 
rm  o   r      rn  o   r 
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Here  c  is  the  velocity  of  light,  h  is  Planck's  constant, 
IQ  is  the  incident  plane-polarized  intensity  of  frequency 
v0,  r  is  an  intermediate  state,  and  ^    and  ij^  are  the 
transition  moments  of  the  dipole  moment  operator  u,  and 
Yr  is  the  damping  constant  of  state  r.   When  the  denomina- 
tors of  a  are  not  small,  it  can  be  seen  that  the  intensity 
varies  as  the  fourth  power  of  the  output  frequency,  making 
higher  frequency  lasers  advantageous. 

When  the  incident  radiation  is  at  a  frequency  close  to 
any  of  the  transition  frequencies,  vrm,  the  scattered  in- 
tensity can  be  greatly  increased.   Although  few  experiments 
have  been  performed  on  gases,  other  than  alkali  metal  va- 
pors, experiments  on  liquids  have  indicated  several  orders 
of  magnitude  increase  in  intensity  for  resonance  Raman 
scattering.   If  such  increases  could  be  obtained  in  gases 
or  aerosols  the  range-sensitivity  product  of  lidars  could 
be  greatly  increased  and  their  utility  in  pollutant  meas- 
urement and  atmospheric  studies  magnified.   The  problem  of 
the  nature  of  the  transition  in  resonance  effects  must  be 
examined  to  determine  whether  the  process  remains  essen- 
tially one  of  scattering  or  becomes  more  like  a  fluores- 
cence.  In  the  latter  case,  at  atmospheric  pressure,  the 
effect  would  be  at  least  partially  quenched  by  collisions 
and  the  intensity  increase  could  only  be  found  high  in 
the  atmosphere. 

Conclusions 

Lidar  is  presently  a  useful  device  at  short  ranges  for 
pollutant  measurement,  humidity  profile  determination  and 
wind  sensing.   The  optimization  that  can  be  achieved  by  re- 
search on  the  problems  listed  above  will  probably  extend 
its  useful  range  to  the  whole  troposphere,  and  to  greater 
distances  if  resonance  effects  can  be  found. 
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Two-Laser  Optical  Distance-Measuring  Instrument  that  Corrects 
for  the  Atmospheric  Index  of  Refraction 


K.  B.  Earnshaw  and  E.  Norman  Hernandez 


The  Wave  Propagation  Laboratory  of  the  Environmental  Research  Laboratories  of  the  National  Oceanic 
and  Atmospheric  Administration  has  been  engaged  in  the  development  of  dnal-waveleugtli,  optical  dis- 
tance-measuring instruments.  Recently  a  new  generation  of  this  type  of  high-accuracy  instrument  has 
been  completed.  Preliminary  testing  of  the  new  instrument  indicates  that  the  original  goal  of  the 
project,  accuracy  of  better  than  one  part  in  a  million  over  distances  of  5-10  km  using  averaging  times  of 
less  than  1  mill,  Is  being  met.     This  paper  describes  the  instrument  and  preliminary  test  results. 


Introduction 

There  arc  many  papers1-4  describing  electromagnetic 
techniques  for  making  precise  geodetic  distance  mea- 
surements. Reference  2  gives  a  list  of  the  most  perti- 
nent references.  Two  promising  techniques  of  distance 
measuring  involve  measuring  the  transit  time  of  either 
microwave  or  optical  waves  over  a  path.4  In  either 
case,  the  significant  limitation  to  the  accuracy  of  mea- 
surement is  the  estimation  of  the  velocity  of  the  electro- 
magnetic wave  over  the  path.  Because  the  speed  of 
light  is  about  33  mscc  for  10  km,  purely  pulse  techniques 
require  unreasonably  accurate  time  measurements; 
the  transit  time  must  be  accurate  to  pscc  to  measure  the 
distance  to  1  part  in  a  million.  A  more  promising  tech- 
nique involves  measuring  the  phase  shift  of  the  electro- 
magnetic wave  due  to  the  atmospheric  path.  An  im- 
mediate compromise  is  realized;  for  a  fixed  phase  resolu- 
tion the  higher  the  frequency,  the  higher  the  inherent 
accuracy.  It  appears,  at  present,  that  the  optimum 
frequencies  for  precise  distance  measuring  (of  the  order 
of  1  part  per  million  or  better)  arc  in  the  microwave 
range.4  Direct  use  of  microwaves  proves  to  have  sev- 
eral drawbacks.  A  more  reasonable  approach  utilizes 
microwave-modulated  light  beams.  The  advantages 
of  such  systems  are  well  documented.' 

The  use  of  a  microwave-modulated  optical  system 
requires  an  accurate  estimation  of  the  average  group 
index  of  refraction  over  the  propagation  path.  Several 
techniques  arc  presently  being  used:  (a)  several 
meteorological  sensors  are  placed  along  the  path;  (b) 
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an  airplane  equipped  with  sensors  is  flown  over  the 
path ;  and  (c)  long  time  averages  are  used  to  average  out 
the  meteorological  fluctuations.  None  of  these  tech- 
niques is  very  satisfactory,  and  there  are  some  situations 
in  which  none  is  possible,  for  example,  using  technique 
(b)  at  night  in  mountainous  terrain. 

Since  the  group  index  of  refraction,  n,  is  a  function  of 
wavelength,  the  use  of  two  different  optical  light  sources 
makes  it  possible  to  correct  an  optical  pathlength  mea- 
surement fam.'1*  The  atmosphere  increases  the  transit 
time  for  optical  beams  by  about  300  parts  in  a  million 
at  sea  level.  The  difference  in  transit  time  for  6328  A 
and  4416  A  is  about  15  parts  in  a  million.  By  measur- 
ing each  optical  pathlength  to  .r>  parts  in  100  million  the 
true  length  can  be  corrected  to  1  part  in  a  million. 

It  has  been  shown  that  the  most  serious  noninstru- 
mental  source  of  error  is  due  to  incorrectly  estimating 
the  relative  humidity  over  the  path.10  This  error  is 
small  for  most  conditions,  an  error  of  50%  relative 
humidity  at  15°C  being  required  to  produce  an  error  of 
1  part  in  a  million. 

This  paper  presents  a  two-laser,  microwave-modu- 
lated, distance-measuring  instrument  that  corrects  for 
the  index  of  refraction  (see  Fig.  1).  By  measuring  the 
optical  pathlength  for  blue  and  red  the  instrument  can- 
cels the  first-order  effects  of  temperature  fluctuation 
along  the  propagation  path  on  the  index  of  refraction. 
This  instrument  has  been  built  and  is  being  tested  over 
a  5.9-km  path.  The  preliminary  tests  indicate  that  the 
instrument  can  correct  a  distance  measurement  to  better 
than  1  part  in  a  million. 

System  Operation 

The  system  operation  of  our  instrument  is  shown  in 
Fig.  2.  We  use  a  nulling  technique  to  measure  the 
atmospheric  dispersion  and,  as  a  consequence,  avoid  a 
number  of  internal  systematic  errors.     The  basis  of 
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Fig.   1. 


Two-laser,   microwave-modulated   distance-measuring 
instrument. 


operation  is  as  follows.  Two  laser  beams,  red  at  6329.9 
A  (vacuum  wavelength)  and  blue  at  4416.8  A,  are 
blended  by  a  Wollaston  prism  and  passed  through  a 
KH2P04(KDP)  crystal  modulator.  The  modulator 
changes  the  phases  of  the  optical  beams  at  a  microwave 
frequency,  approximately  2.7  GHz."  The  light  is  then 
propagated  over  a  path  to  be  measured,  reflected  from  a 
polarization-preserving  telescope,  and  returned  over 
the  path  to  the  modulator. 

The  modulator  then  either  adds  to  or  subtracts  from 
the  polarization  of  the  optical  beams.  If,  for  example, 
the  modulator  is  180°  out  of  phase  with  the  returning 
polarized  light,  the  light  that  has  passed  through  the 
modulator  twice  will  have  no  polarization.  If  it  is  in 
phase,  the  twice-modulated  light  has  twice  the  depth  of 
polarization  as  the  once-modulated  light. 

By  changing  the  frequency  of  modulation,  exactly  an 
odd  number  of  half  wavelengths  (of  the  microwave  fre- 
quency) of  modulation  can  be  made  to  occur  over  the 
optical  path.  This  will  cause  a  null  condition  (i.e.,  no 
polarization)  on  the  horizontal  polarization  of  the  re- 
ceived light.  In  practice  one  must  change  continually 
the  microwave  frequency  because  the  atmosphere  is 
continually  changing,  and,  as  a  consequence,  the  optical 
pathlength  is  continually  changing. 

To  accomplish  the  nulling  operation  the  output  of  the 
signal  photomultiplier  (PM)  tubes  and  noise  PM  tubes 
are  combined  in  the  noise-canceling  circuits  to  produce 
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a  pulse-duration  modulated  signal.  This  signal  is  the 
input  to  the  digital  servo  system.  The  digital  servo 
computes  an  estimate  of  the  correct  nulling  frequency 
based  on  the  previously  computed  frequency  and  the 
output  of  the  noise  canceling  circuits.  This  value  is 
converted  to  a  voltage  via  a  digital-to-analog  converter 
and  is  then  used  to  control  the  frequency  of  the  voltage 
controlled  crystal  oscillator  ( VCXO) .  The  VCXO  out- 
puts are  amplified  and  multiplied  to  approximately  6 
W  at  2.8  GHz  and  used  to  drive  the  KDP  modulator. 

This  entire  operation  is  alternated  for  the  blue  light 
and  then  for  the  red  light  500  times/sec. 

Light  sources  of  high  spectral  radiance  are  important, 
because  a  narrow  band  of  wavelengths  can  be  used  with 
a  reasonable;  amount  of  light  focused  onto  and  returned 
from  a  distant  retroreflector  in  spite  of  the  loss  due  to 
atmospheric  absorption  and  scatter.  High  spectral 
radiance  is  also  important  for  correct  operation  of  cur- 
rently available  microwave  light  modulators,  since  a 
beam  only  3  mm  or  4  mm  in  diameter  and  having  a  di- 
vergence less  than  ^°  can  be  accepted.  In  general, 
the  amount  of  optical  power  needed  for  a  particular 
distance-measuring  system  depends  on  the  modulation 
index,  the  amount  of  atmospheric  absorption  and  scat- 
ter, and  the  diameter  of  the  transmitting  and  receiving 
optics. 

The  present  instrument  uses  a  helium-neon  cw  laser 
operating  at  a  vacuum  wavelength  of  6329.9  A  as  a  red 
light  source,  producing  approximately  7.0  mW  of  radi- 
ant power  in  a  beam  having  a  divergence  of  6  mrad.  A 
helium-cadmium  cw  laser,  radiating  approximately  15 
mW  of  radiant  power  centered  on  a  vacuum  wavelength 
of  4416.8  A,  is  used  as  the  blue  light  source. 

Optical  System 

The  beams  of  light  from  the  two  sources  are  joined 
into  a  common,  vertically  polarized  beam,  passed 
through  the  polarization  modulator,  and  transmitted  to  a 
distant  retroreflector  (Fig.  3).  After  returning  from 
the  retroreflector  and  back  through  the  modulator,  the 
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Fig.  2.     Block  diagram  of  two-laser  distance-measuring  instru- 
ment. 
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Fig.  3.     Scale  drawing  of  instrument  head. 


beam  is  analyzed  for  horizontally  polarized  light,  sepa- 
rated into  two  beams  of  the  two  colors,  and  detected  by 
photomultipliers.  A  single  optical  element  (a  12°  Wol- 
laston  prism)  performs  the  combined  functions  of  polar- 
izing and  analyzing  the  light  and  of  joining  and  sepa- 
rating the  two  colors.  Vertically  polarized  fractions  of 
the  two  colored  beams  are  superimposed  by  the  Wollas- 
ton  when  the  correct  angle  of  incidence  is  used  for  each 
color.  To  make  the  system  more  compact  the  red 
beam  is  folded  by  reflecting  it  from  a  mirror  placed  close 
to  the  blue  beam.  Horizontally  polarized  light  from 
the  two  light  sources  is  deflected  out  of  the  transmitted 
beam  and  not  used. 

The  two-color  beam  passes  through  the  modulator 
to  a  simple  double  convex  quartz  lens  that  serves  as  a 
telescope  eyepiece.  Because  the  slight  divergence  of 
the  blue  light  can  be  adjusted  to  compensate  exactly 
for  the  chromatic  aberration  of  the  lens,  both  colors  are 
brought  to  a  sharp  focus  at  the  focal  point  of  a  Cas- 
segrainian  telescope  to  produce  a  20-cm  collimated 
beam.  (A  Cassegrainian  telescope  is  used  to  preserve 
the  polarization  of  the  light  beam.)  This  beam  is 
transmitted  to  the  cat's  eye  retroreflector  (a  20-cm 
telescope  with  a  plane  mirror  at  its  focal  point),  where 
it  is  reflected  back  through  the  optical  system  to  emerge 
from  the  modulator.  On  returning  through  the  Wol- 
laston  prism,  the  light  •  resolved  into  horizontally  and 
vertically  polarized  components.  The  horizontal  com- 
ponents, which  are  maximum  when  the  modulation 
adds,  are  separated  by  color  and  directed  respectively 
to  the  photomultiplier  detectors  for  red  and  blue  light. 

Since  polarization  modulation  is  used,  care  must  be 
exercised  to  prevent  polarization  caused  by  reflection 
from  any  optical  component.  The  mirrors  in  the  two 
telescopes  have  relatively  long  focal  lengths  (1  m  or 
more)  so  that  all  reflection  angles  (except  total  internal 
reflection)  will  be  less  than  15%. 


Because  a  common  optical  system  is  used  for  both  the 
transmitted  and  received  light,  it  is  important  that  re- 
flections from  the  various  optical  elements  do  not  return 
to  the  photomultiplier  tubes.  Although  coated  optics 
are  used  throughout,  some  reflections  still  occur,  and 
these  can  be  large  compared  with  light  returning  from 
the  distant  reflector.  Each  optical  component  is  there- 
fore angled  slightly  to  prevent  spurious  reflected  beams 
from  reaching  the  photomultipliers. 


Microwave  System 

The  microwave  system  provides  the  light  modulator 
with  enough  power  to  produce  the  maximum  possible 
modulation  index  at  a  stable,  accurately  measured  fre- 
quency (see  Fig.  4).  Since  the  modulator  gives  a  peak 
retardation  of  only  0.06  rad  at  its  maximum  average 
power  rating  of  1  W,  higher  power  pulses  at  a  low  duty 
cycle  are  desirable  to  obtain  a  reasonably  large  per- 
centage of  modulation.  The  modulation  pulses  must 
be  long  compared  with  the  time  required  for  light  to 
travel  over  the  measurement  path,  and  the  pulse  repeti- 
tion rate  must  be  high  compared  with  the  fluctuations  in 
atmospheric  density.  Since  atmospheric  fluctuations 
have  a  power  spectrum  extending  from  very  low  fre- 
quencies up  to  about  500  Hz,  the  system  is  designed  to 
deliver  6  W  at  a  10%  duty  cycle  at  pulse  repetition 
frequencies  of  1000  Hz  (for  distances  up  to  8  km). 

To  ensure  a  stable  frequency  that  can  be  measured 
accurately,  the  microwave  power  source  is  operated  con- 
tinuously. This  source,  a  voltage-controlled  crystal 
oscillator  (VCXO),  is  amplified  with  a  solid  state  micro- 
wave system.  The  power  to  the  modulator  is  supplied 
through  a  microwave  switch  driven  at  the  desired  pulse 
repetition  rate.     A  sample  of  the  signal  pulse  reflected 
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hack  from  the  light  modulator  is  used  to  tunc  the  mod- 
ulator cavity  to  resonance. 

To  track  fluctuations  in  the  optical  pathlength,  a 
digital  servo-control  circuit  locks  the  microwave  modu- 
lation frequency  to  the  optical  pathlength  so  that  the 
path  always  remains  a  half-integral  number  of  modula- 
tion wavelengths.  This  is  done  as  follows:  The  aver- 
age light  intensity  at  either  photomultiplier  varies 
sinusoidally  with  pathlength  and  with  modulation  fre- 
quency, maxima  occurring  when  the  transit  time  is  an 
integral  number  of  modulation  periods  and  minima 
when  it  is  a  half-integral  number.  If  the  modulation 
frequency  is  set  at  one  of  the  minimum-intensity  points, 
which  we  call  /0,  any  change  in  frequency  will  increase 
the  photomultiplier  output  signal.  Frequencies  that 
are  symmetrical  about  f0,  which  we  denote  by  /4  ±  if, 
will  give  larger  but  identical  signals.  In  particular, 
if  the  frequency  of  the  microwave  oscillator  is  square- 
wave  modulated  at  a  500-Hz  rate  with  peak  deviation 
bf  about  /o,  the  photomultiplier  output  will  be  larger 
but  will  still  be  constant  because  both  halves  of  the 
square-wave  cycle  give  the  same  output.  If  the  mean 
frequency  /,  of  the  square  wave  differs  from  /0,  how- 
ever, the  two  halves  of  the  cycle  will  give  different  out- 
puts, and  hence  the  photomultiplier  signal  will  also  be 
square-wave  modulated  at  500  Hz.  By  comparing  the 
photomultiplier  output  at  fc  +  bf  and  at  f,  —  bf  the 
digital  controller  estimates  a  new  fc.  In  practice  the 
digital  controller  is  continually  changing  /«,  attempting 
to  keep  the  photomultiplier  outputs  at/c  +  if  and  fe  — 
5/ equal. 

A  counter  that  determines  the  average  modulation 
frequency  during  each  counting  period,  normally  1  sec 
or  10  sec,  averages  the  pathlength  fluctuations.  Thus 
the  instrument  is  self-balancing,  a  convenience  during 
periods  when  the  optical  path  is  systematically  chang- 
ing. 

Digital  Servosystem  (Subsystem) 

The  digital  servosystem  (DS)  in  Fig.  2  is  a  special 
purpose  digital  computer  designed  and  built  specifically 


to  provide  computations,  timing  pulses,  feedback  in- 
formation, and  noise  computations  necessary  for  a  dis- 
tance measurement. 

For  general  timing  and  control  the  DS  provides  both 
the  necessary  pulses  to  turn  the  KDP  modulator  on  and 
off  (variable  pulsewidth  and  transit  time)  and  the  neces- 
sary pulses  to  operate  the  noise  canceling  networks. 

As  explained  previously,  a  certain  frequency  is  re- 
quired to  null  the  I'M  tube  output  for  either  the  red  or 
the  blue  channel.  To  detect  whether  the  chosen  fre- 
quency (/)  is  too  high  or  too  low  the  DS  varies  the  fre- 
quency (a  value  equal  to  bf)  from  slightly  above  to 
slightly  below  the  chosen  frequency.  This  generates  an 
error  signal  that  is  used  by  the  DS  to  make  a  best  esti- 
mate for  the  next  chosen  frequency. 

Distance  Measuring 

An  actual  distance  measurement  is  made  by  utilizing 
the  following  equations:     red  apparent  length, 

nH"l.  =  (A'«X„/2)  -  k«,  (1) 

and  blue  apparent  length, 

nBGL  =  (A'BX„/2)  -  kB,  (2) 

where 

L  is  the  true  length; 
i«°,  tib"  are  the  group  indices  of  refract  ion  for  red  and  blue  light ; 
A' «,  A'b  are  the  number  of  modulation  wavelengths  along  the 
path  for  red  and  blue  light ; 
Xo  is  the  modulation  wavelength  in  vacuum; 
kR,  kB  are  the  corrections  for  optical  components  in  the  red  and 
blue  light  beams. 

One  way  to  determine  the  last  two  quantities  is  to 
measure  carefully  the  thickness  of  each  optical  clement 
in  the  optical  paths,  multiply  each  thickness  by  the  ap- 
propriate group  index  of  refraction,  and  add  the  in- 
dividual apparent  lengths  for  red  and  blue  light  to  ob- 
tain the  total  apparent  lengths  caused  by  the  optical 
components. 

A  more  practical  way  involves  an  experiment.  Three 
points  on  a  straight  line  (A,B,C)  are  measured  in  the 
following  manner.  The  distances  (A,B),  (B,C),  and 
(A,C)  are  separately  measured.  The  discrepancy  be- 
tween (4,0  and  (A,B)  +  (B,C)  is  the  total  additional 
path  added  by  the  optics. 

We  calculate  the  geometrical  distance  by  using  the 
difference  in  apparent  pathlengths  to  correct  either  the 
red  or  blue  apparent  length  for  the  apparent  extra 
length  caused  by  the  atmosphere.  The  corrected 
length  is  thus  given  by 


or 


where 


and 


nB°L  -  AB(nB°L  -  nR°L) 


L  =  nR°L  -  AR(nB°L  -  nR°L), 


AR  -  (nR°  -  \)/(nB°  -  nR°) 


(3) 


(4) 


(5) 


As  -  (nB°  -  l)/(nfl°  -  rift")  -  AR  +  1.  (6) 
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Fig.  5.     Typical  data  for  summer  1971. 


Iii  a  dry  atmosphere  of  standard  composition  the 
correction  factors  AB  or  AR  depend  only  on  the  two 
optical  wavelengths  and  are  known  to  high  accuracy.10 
However,  water  vapor  changes  the  composition  of  the 
atmosphere  and  therefore  changes  the  values  of  A 
necessary  for  the  true  correction  of  distances.  Fortu- 
nately, the  dependence  of  A  on  water  vapor  pressure 
is  small  so  that  very  accurate  values  of  relative  humidity 
and  temperature  are  not  needed.  For  example,  when 
measured  temperatures  and  relative  humidity  are  in 
error  by  5°C  and  10%,  respectively,  the  error  in  cal- 
culated distance  will  be  less  than  5  X  10~7. 

Results  of  Field  Testing 

The  instrument  was  tested  during  spring  and  sum- 
mer 1971  over  a  f>.9-km  path  just  north  of  Boulder, 
Colorado.  It  operated  continuously  over  a  period  of 
many  hours  proving  the  basic  reliability  of  the  design. 
We  decided  to  investigate  two  particular  points  with 
this  experiment.  The  first  was  to  determine  the  max- 
imum optical  pathlength  fluctuation  for  the  red  and 
blue  channels.  The  second  was  to  determine  whether 
the  two-color  system  corrected  for  the  dispersion  over 
the  propagation  path  during  a  period  of  time  when  the 
optical  pathlength  was  changing  by  a  large  amount. 

Figure  5  shows  data  taken  on  a  typical  day.  The 
second  curve  is  the  blue  optical  pathlength,  the  third 
curve  is  the  red  optical  pathlength,  and  the  top  curve 
is  the  corrected  pathlength  computed  from  the  bottom 
two  curves.  To  show  the  small  scale  fluctuation  each 
curve  has  been  normalized  by  subtracting  from  each 
curve  its  average  value.  The  three  curves  are  artifi- 
cially separated  to  avoid  confusion,  and  the  corrected 
distance  curve  is  scaled  by  a  factor  of  3. 

Each  point  represents  a  10-sec  averaged  distance  mea- 
surement. Every  100  points  (corresponding  to  a  period 
of  time  of  1000  sec  or  approximately  17  min)  the  mean 


and  variance  for  the  correct  curve  are  given  in  centi- 
meters. The  total  curve  represents  approximately  4  h 
of  data  (1400  points  at  10  sec  each). 

The  plot  in  Fig.  5  is  typical  of  the  data  taken  in  sum- 
mer 1971.  During  the  approximate  4  h  covered  by  the 
figure,  the  optical  pathlength  changed  over  20  mm  on 
the  f).9-km  path.  This  corresponds  to  an  average  tem- 
perature change  along  the  propagation  path  of  approx- 
imately 3°C.  During  this  period  the  average  cor- 
rected distance  (averaging  100  points  at  a  time)  ranged 
from  25.799  cm  to  26.030  cm,  a  maximum  charige  of 
2.31  mm.  This  corresponds  to  3.9  parts  in  10  million 
over  the  5.9-km  path,  considerably  better  than  the 
original  goal. 

Conclusions 

The  present  version  of  the  two-color  distance-mea- 
suring instrument  is  still  undergoing  tests  and  modifica- 
tions. At  present,  the  instrument  is  making  primary 
measurements  (10-sec  averages)  over  a  5.9-km  path, 
that  have  a  standard  deviation  of  less  than  4  parts  in  10 
million.  By  averaging  over  several  hours  the  instru- 
ment can  easily  obtain  accuracies  approaching  1  part  in 
10  million.  Recent  tests  indicate  that  an  improvement 
in  the  optical  pathlength  measurements  can  be  obtained 
easily  by  using  presently  available  high-stability  inter- 
mediate frequency  sources.  With  this  simple  improve- 
ment we  expect  that  the  maximum  peak-to-peak  fluc- 
tuations of  corrected  distances  using  10-sec  averages 
will  be  less  than  2  parts  in  10  million. 

We  gratefully  acknowledge  the  help  of  K.  B.  Moran, 
G.  M.  Bouricius,  R.  Dickereon,  and  D.  Vance  in  build- 
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thank  J.  C.  Owens  (Eastman  Kodak  Research  Labora- 
tories, Rochester,  New  York)  and  P.  Bender  (JILA/ 
NBS,  Boulder,  Colorado)  for  their  many  helpful  and 
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development  of  two-color  distance  measuring  instru- 
ments. 
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New  heights 
atmospheric 

Remote  sensing  and  pollution 
monitoring  may  overshadow 
"classicaV  investigations. 


Over  the  past  ten  years,  the 
impetus  for  much  of  the  work  in 
atmospheric  optics  has  been  from 
defense  and  space  funds.  While 
such  support  will  continue  at  a 
reduced  level  in  the  future,  there  is 
no  doubt  that  the  importance  of 
atmospheric  optics  in  remote  sen- 
sing, as  related  to  environmental 
problems,  will  increase. 


for 
optics 


In  atmospheric  spectrometry,  the 
transmission  characteristics  of  the 
permanent  atmospheric  gases  are 
reasonably  well  understood.  The 
intensive  efforts  to  map  accurately 
the  water  vapor  spectrum  in  the 
infrared  have  resulted  in  an  accu- 
mulation of  line  strength  and  posi- 
tion data  sufficient  to  solve  most 
existing  or  contemplated  transmis- 
sion problems. 

However,  much  remains  to  be 
done  in  understanding  the  spectra 
of  typical  constituents  of  atmospher- 
ic pollution.  Even  such  a  common 
pollutant  gas  as  S02  requires  fur- 


ther spectral  studies  before  the 
present  level  of  understanding  for 
C02  is  reached.  Similarly,  spectra 
of  hydrocarbons  over  long  absorp- 
tion paths  in  the  infrared  will 
require  much  future  study  to  allow 
reliable  quantitative  detection  using 
long  path  absorption  measurements. 
The  Raman  spectral  characteristics 
of  such  gases  may  also  prove 
important  in  pollution  monitoring, 
and  the  search  for  resonance  en- 
hancement of  scattering  cross  sec- 
tions must  certainly  continue  for 
some  time  to  determine  more  com- 
pletely the  feasibility  of  laser- 
Raman  detection  techniques. 

Since  the  appearance  of  the  laser, 
a  number  of  studies  of  the  propaga- 
tion of  coherent  radiation  in  the 
atmosphere  have  been  sponsored. 
The  discovery  of  scintillation  satura- 
tion effects  and  the  mapping  of  the 


Optical  Spectra  —  January,  1972 


21 


260 


refractive  index  power  spectrum  of 
the  turbulent  atmosphere  over  hori- 
zontal paths  has  occupied  the  time 
of  a  number  of  investigators.  An 
ability  to  sense  the  integrated  wind 
field  across  the  path  of  a  laser  beam 
by  time-lag  correlation  techniques, 
based  upon  an  improved  under- 
standing of  scintillation,  has  already 
been    proven    feasible    at    NOAA. 

Coherent  propagation  effects 

Some  of  this  effort  to  understand 
coherent  propagation  effects  will 
certainly  continue,  especially  for 
vertical  paths  simulating  optical 
communication  links  to  space.  Ad- 
ditional effort  will  be  required  to 
predict  reliably  propagation  charac- 
teristics of  high  power  laser  beams 
through  the  atmosphere.  The  possi- 
ble evolution  of  chemical  lasers  at 
wavelengths  other  than  10.6  ^m 
may  call  for  a  number  of  additional 


basic  contributions  to  propagation 
theory,  absorption,  beam  steering, 
and  beam  blowup,  in  the  future. 

Monitoring  industrial  haze 

Studies  of  two  dimensional  con- 
trast transfer  must  continue,  to  be 
able  to  predict  more  accurately  the 
performance  of  imaging  systems 
operating  through  the  atmosphere. 
The  relative  importance  of  angular 
scintillation  and  atmospheric  path 
radiance  in  reducing  contrast  in 
small  scale  detail  in  aerial  photog- 
raphy and  satellite  remote  sensing 
will  continue  to  be  of  importance  as 
imagery  techniques  acquire  even 
further  maturity  and  sophistication 
in  interpretation.  More  field  mea- 
surements are  needed  of  path  lumi- 
nance functions  for  a  variety  of 
atmospheric  turbidity  and  earth 
surface  reflectance  characteristics  to 
supplement  the  measurements  made 


Laboratory  studies  of  scattering  by  atmospheric  gases  are  port  of  current  research  in 
atmospheric  optics.  Here,  a  quartz  cell  containing  NO.,  is  illuminated  by  an  argon  ion 
loser  at  488  nm.  The  incident  beam  from  the  right  posses  through  o  prism  and  a  5  cm 
focal  length  lens  and  then  vertically  through  the  cell.  The  bright  (orange)  vertical 
scattering  filament  in  the  cell  is  imaged  by  the  f/1.5  lens  behind  the  cell  onto  the 
slit  of  a  double  monochromotor  behind  the  lens.  Quantitative  measurements  of 
scattering  cross  section  and  depolarizotion  ratio  are  made  with  the  apparatus.  Figures 
on  o  counter,  part  of  the  digital  data  acquisition  system,  can  be  seen  in  the  background 


several  years  ago  at  the  Visibility 
Laboratory  of  UCSD. 

With  the  increasing  importance 
of  monitoring  industrially  produced 
turbidity  and  in  understanding  the 
climatic  effects  of  haze,  better 
knowledge  is  required  of  the  optical 
constants  of  aerosols.  Both  the  real 
and  imaginary  refractive  indices 
must  be  better  known  and  scattering 
dependence  on  non-spherical  shape 
effects  understood.  Although  the 
present  concensus  seems  to  be  that 
industrial  hazes  must  lead  to  clima- 
tic cooling,  more  studies  of  the 
infrared  optical  properties  of  hazes 
are  needed.  The  magnitude  of  the 
increased  albedo  expected  from 
haze  requires  better  understanding. 


Measuring  cloud  effects 

Significant  improvements  in  the 
calculation  of  multiple  scattering  in 
clouds  through  Monte  Carlo  tech- 
niques are  now  available,  and  must 
be  applied  to  radiative  transfer 
problems  in  the  real  atmosphere  to 
model  more  accurately  the  effects  of 
haze  and  clouds  in  the  overall  earth 
heat  budget.  The  properties  of 
stratospheric  aerosols,  both  natural- 
ly occurring  and  those  which  may 
be  introduced  by  a  significant  popu- 
lation of  commercial  SSTs,  must  be 
better  understood.  Accurate  remote 
measuring  techniques  should  be 
developed  to  monitor  such  aerosols 
and  their  possible  effects  on  strato- 
spheric heat  and  chemical  balance. 

Finally,  it  is  hoped  that  a  future 
trend  in  computer  studies  of  "clas- 
sical" investigations  in  atmospheric 
optics — formations  of  halos,  coro- 
nas, and  rainbows — will  continue  to 
see  some  support,  both  for  the  pure 
enjoyment  obtained  from  a  better 
understanding  of  the  optics  of  such 
phenomena,  and  in  the  hope  of 
making  available  other  methods  for 
monitoring  particle  shape  and  size 
distributions  in  clouds.  □ 


Freeman   F.   Hall 

Wave  Propagation  Laboratory 
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Field  Tests  of  a  Two-Laser  ( 4416  A  and  6328  A ) 

Optical  Distance-Measuring  Instrument  Correcting 

for  the  Atmospheric  Index  of  Refraction 

E.  N.  Hernandez1  and  K.  B.  Earnshaw 
Environmental  Research  Laboratory,  NOAA,  Boulder,  Colorado    80302 

The  most  recent  version  of  a  microwave-modulated  two-laser  distance-measuring  instru- 
ment has  completed  several  months  of  field  tests.  This  instrument  was  operated  almost 
continuously  for  about  a  month  over  a  5.9-km  base  line  just  north  of  Boulder,  Colorado. 
During  the  tests  the  optical  path  lengths  for  red  and  blue  varied  over  3  cm  for  the  base  line, 
and  the  corrected  distance  typically  has  a  a  of  <3  mm.  The  preliminary  results  of  these  tests 
clearly  show  that  this  type  of  instrument  can  correct  a  distance  measurement  taken  in  10 
sec  to  better  than  five  parts  in  10  million. 


A  recent  review  article  [Wood,  1971]  cites 
many  papers  that  describe  various  electromag- 
netic techniques  for  making  precise  geodetic 
distance  measurements.  The  major  limitation  to 
the  precision  of  these  measurements,  is  the 
difficulty  in  estimating  the  average  index  of 
refraction  along  the  base  line  for  the  particular 
frequency  of  electromagnetic  energy  being  used 
[Owens,  1971].  Bender  and  Owens  [1965]  noted 
the  advantages  of  using  two  optical  frequencies 
to  correct  for  the  index  of  refraction.  Such  a 
two-color  instrument  has  been  described  previ- 
ously by  the  authors  [Earnshaw  and  Hernandez, 
1972]. 

This  particular  instrument  incorporates  two 
lasers  (4416  A  HeCd  and  6328  A  HeNe)  that 
are  polarization  modulated  at  approximately 
2.7  GHz.  By  measuring  the  optical  path  length 
noD  for  each  color,  where  na  is  the  group  index 
of  refraction  for  the  particular  color  and  D  is 
the  true  distance,  the  index  of  refraction  for  the 
atmospheric  path  can  be  corrected  to  first  order 
for  temperature  fluctuations. 

The  distance  is  determined  by  measuring  DR 
and  DB,  the  optical  path  length  for  the  red  and 
blue  lights,  respectively,  and  is  given  by 


1  Now  holding  joint  appointments  in  the  Ap- 
plied Physics  Laboratory,  the  Electrical  Engineer- 
ing Department,  and  the  Geophysics  Program, 
University  of  Washington,  Seattle,  Washington 
98195. 


D  =  DR  -  AH{DB  -  DR) 

+  BR  +  AR(BU  -  BB)         (1) 
where 


AR  =  (nR  -  l)/(nB  —  nR) 


(2) 
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and  where  BR  and  BB  are  the  extra  optical  path 
lengths  for  red  and  blue  added  by  the  lens,  the 
modulator,  and  the  folded  path  inside  the 
instrument,  C  is  the  vacuum  velocity  of  light, 
and  nR  and  nB  are  the  group  indices  of  refrac- 
tion for  the  modulated  red  and  blue  lights. 
Earnshaw  and  Hernandez  [1972]  discuss  the 
steps  necessary  to  determine  the  constants  BR 
and  BB.  A  simple  experiment  of  measuring  the 
points  A,  B,  and  C  in  a  straight  line  will  be 
sufficient.  The  distance  (A,  B)  +  (B,  C)  - 
(A,  C)  will  be  the  extra  path  length  due  to 
the  optics. 

To  first  order,  AR  is  independent  of  tempera- 
ture. This  relative  insensitivity  to  temperature 
fluctuations  is  exploited  to  produce  a  highly 
accurate  correction.  A  polynomial  approxima- 
tion for  nR  or  nB  is  given  by   [Owens,   1967] 

(nR  -  1)108  =  y  (1  +PoBi)Cy 

+  ^(1  +  PWB2)C2         (3) 

where  PD  is  the  partial  pressure  of  dry  air,  Pw 
is  the  partial  pressure  of  the  water  vapor  in 
millibars,    T    is    the    temperature    in    degrees 
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Kelvin,  B,  and  B,  are  functions  of  Tl  and  T\ 
and  C1!  and  C2  are  functions  only  of  the  wave- 
length of  the  red  light.  For  the  colors  chosen 
(4410  A  and  6328  A),  A  is  approximately  20; 
thus  the  determination  of  the  optical  path 
length  must  be  better  than  that  of  the  desired 
corrected  distance  measurement  by  a  factor 
of  20. 

Experiment 

The  instrument  (Figure  1)  was  housed  in  a 
16-foot  travel  trailer  parked  on  Table  Mountain, 
—  12  km  north  of  Boulder,  Colorado.  The  base 
line  was  established  across  a  valley  between 
Table  Mountain  and  a  point  ~5.1  km  south  of 
Table  Mountain.  A  polarization-preserving  8- 
inch-diameter  Cassegrainian  telescope  served 
as  a  retroreflector.  The  retroreflector,  housed 
in  a  small  shack,  was  plumbed  over  a  bench 
mark  located  across  a  valley  ~5.9  km  south  of 
Table  Mountain.  The  instrument  rested  on  the 
ground  through  holes  in  the  trailer  and  thus 
was  effectively  isolated  from  the  trailer. 

The  combined  red  and  blue  laser  beams  were 
propagated  over  the  ~5.9-km  path  to  the 
retroreflector  and  back  to  the  instrument.  The 
electrooptic  crystal  (KDP)  modulators  of  the 
instrument  acted  as  the  transmitter  and  re- 
ceiver. Since  BR  and  BB  affect  the  measured 
distance  only  by  an  additive  constant,  no  at- 
tempts were  made  to  determine  their  values 
experimentally. 

A  major  objective  of  the  experiment  was  to 
determine  how  well  the  two-color  system  could 
correct  for  the  index  of  refraction.  We  believed 
that  measuring  a  fixed  base  line  under  widely 
varying  atmospheric  conditions  would  provide 
the  answer.  The  instrument  was  operated  almost 
continuously  for  over  a  month  on  the  5.9-km 
base  line. 

Initially,  we  attempted  to  record  data  24 
hours  a  day  but  found  this  was  impractical 
because  of  the  large  amount  of  data  produced 
and  our  limited  data-logging  system.  (An  opti- 
cal path  length  measurement  for  red  and  blue 
every  10  sec  yielded  17,280  six-digit  numbers 
each  day.  Each  digit  was  hand  punched  to 
produce  paper  tape  input  for  the  computer.) 
The  amount  of  data  taken  was  soon  limited  by 
our  ability  to  process  it.  The  instrument  was 
allowed  to  operate  continuously,  but  most  of  the 
time  no  data  were  recorded. 


Fig.  1.    The  two-laser  optical  distance-measuring 
instrument. 

Since  the  instrument  operated  exceptionally 
well  during  the  more  difficult  daylight  hours 
(nighttime  conditions  generally  improve  the 
signal-to-noise  ratio  and  range)  and  since  we 
were  interested  in  the  performance  of  the  in- 
strument under  adverse  conditions,  our  schedule 
was  quickly  reduced  to  recording  data  from 
approximately  10:00  A.M.  to  6:00  P.M.  on 
weekdays. 

Data 

Figures  2-6  show  typical  data  from  the  ex- 
periment. Each  graph  contains  three  curves, 
correct  distance,  blue  optical  path  length,  and 
red  optical  path  length,  and  eacli  curve  con- 
tains 1400  points.  The  optical  path  lengths  for 
red  DH  and  blue  D„  were  measured  every  10 
sec,  and  the  corrected  distance  D  was  computed 
later  from  (1).  Each  curve  is  normalized  by 
subtracting  its  respective  average  value.  The 
three  curves  are  then  artificially  separated  for 
clarity.    The    optical    path    length    curves    are 
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Fig.  2.    The  step  jump  at  point  1200  corresponds  to  an  approximate  1-inch  increase  in  the 
base  line  achieved  by  moving  the  retroreflector. 


Fig.  3.    An  example  of  poor  data  during  a  period  of  time  in  which  the  optical  path  lengths 

are  rapidly  changing. 


Fig.  4.    An  example  of  good  data  during  a  period  of  time  in  which  the  optical  path  lengths 

are  rapidly  changing. 
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Fig.  5.    A  decrease  in  base  line  of  0.1  inch  produced  the  change  at  point  780,  and  an  increase 
of  0.2  inch  produced  the  change  at  point  1360. 


scaled  at  1  cm  per  division,  and  the  corrected 
distance  is  scaled  at  3  cm  per  division.  The 
right-hand  vertical  axis  is  identical  to  the  left- 
hand  vertical  axis.  At  every  100  points  a  vertical 
line  is  drawn  for  reference,  and  the  mean  p 
and  variance  <r  are  computed  for  that  block  of 
100  points.  Here  /a  and  a  are  given  in  centi- 
meters. Since  0.59  mm  represents  approximately 
one  part  in  10  million  for  this  particular  path 
(base  line,  ~5.9  km),  the  variances  for  each 
100-point  section  range  from  approximately  one 
part  in  107  to  five  parts  in  107. 

During  certain  periods  of  time  (Figure  4, 
points  300-900),  a  remains  around  two  parts  in 
107,  even  though  fx  is  slowly  increasing  from 
25.799  to  26.030  (approximately  four  parts  in 
10'). 


This  type  of  drift  could  be  attributed  to 
many  things,  including  (1)  drift  in  the  base 
line  length,  (2)  tilting  of  the  fiducial  points  of 
the  instrument  and/or  the  retroreflector,  (3) 
drift  in  the  additional  optical  path  added  by 
the  optics  of  the  instrument,  (4)  drift  in  the 
effective  center  of  modulation,  and  (5)  unex- 
pected effects  of  atmospheric  variables  such  as 
pressure,  water  vapor,  and  temperature. 

The  problem  with  these  sources  of  drift  is 
that  eacn  is  difficult  to  isolate  and  study.  We 
are  convinced  that  the  drifts  we  observed  were 
not  due  to  items  3  and  4,  although  some  drifts 
were  clearly  caused  by  item  2.  At  present  the 
Environmental  Research  Laboratory  is  improv- 
ing the  base  line  to  minimize  item  1.  The  only 
easy  way  to  check  item  5  in  the  open  atmos- 


600  700  (00 

K)  lee      Averogt 


1100  1200 


1300  1400 


Fig.  6.    Continuation  of  Figure  5. 
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phere  is  to  take  adequate  data  over  widely 
varying  atmospheric  conditions. 

We  wanted  to  measure  the  base  line  over 
widely  varying  temperature  conditions,  but,  to 
do  this,  we  needed  a  front  of  radically  different 
air  temperature.  Unfortunately,  the  usually 
changeable  Colorado  weather  became  stable, 
and  no  such  front  appeared.  In  fact,  the  tem- 
perature at  ~1  m  above  the  ground  at  the 
transmitter  side  varied  about  13°C  throughout 
the  data  runs,  and,  as  the  data  indicate,  the 
average  temperature  varied  about  6°C  over  the 
propagation  path. 

The  step  discontinuity  on  the  corrected- 
distance  curves  in  Figures  2  and  5  corresponds 
to  the  exact  distance  by  which  the  far  retro- 
reflector  was  moved.  This  movement  was  ac- 
complished by  mounting  a  machinist's  table 
between  the  tripod  and  the  retroreflector.  With 
care,  movements  of  the  retroreflector  in  0.1-mm 
increments  were  reasonable.  In  Figures  2  and 
5  the  discontinuities  occurred  within  a  few 
seconds.  The  discontinuities  in  the  optical  path 
lengths  in  Figures  2  and  5  are  arbitrary  offsets 
in  the  path  lengths  due  to  losing  the  total 
fringe  numbers.  Figure  5  shows  data  with 
optical  path  length  discontinuities.  These  jumps 
occurred  during  a  period  of  optical  path  length 


change  when  no  data  were  taken.  The  corrected 
path  length  is  constant  during  these  periods. 

Conclusion 

A  two-laser  microwave-modulated  distance- 
measuring  instrument  has  been  tested  over  a 
5.9-km  atmospheric  path.  These  tests  show  that 
by  using  two  colors  the  atmospheric  index  of 
refraction  can  be  corrected  for  temperature 
fluctuations  sufficiently  well  to  provide  a  cor- 
rected distance  measurement  in  better  than  five 
parts  in  10  million.  Under  some  conditions,  two 
parts  in  10  million  may  be  achieved. 
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Use  of  Scintillations  to  Measure  Average  Wind  Across  a 
Light  Beam 


R.  S.  Lawrence,  G.  R.  Ochs,  and  S.  F.  Clifford 


We  report  the  successful  construction  and  testing  of  an  optical  wind  sensor  that  uses  the  motion  of  the 
scintillation  pattern  to  measure  the  transverse  component  of  wind  blowing  across  a  laser  beam.  As  is 
done  for  measuring  ionospheric  and  interplanetary  winds,  we  use  a  correlation  method.  However,  in  our 
application,  the  slope  at  zero  lag  of  the  time-lagged  correlogram  proves  to  be  more  useful  than  the  more 
commonly  used  delay  to  the  peak.  The  reason  is  that,  in  the  atmosphere,  irregularities  are  distributed 
along  the  entire  propagation  path.  We  use  a  detector  spacing  of  0.33  of  the  diameter  of  the  first  Fresnel 
zone  to  obtain  a  nearly  uniform  weighting  function  along  the  path,  though  the  center  of  the  path  is 
still  more  effective  than  the  ends.  The  sensor  has  been  used  extensively  over  1-km  and  15-km  paths, 
and  field  tests  of  various  applications  are  planned. 


Introduction 

A  casual  glance  at  the  optical  scintillation  pattern 
produced  by  atmospheric  turbulence  shows  that  it 
drifts  with  the  transverse  wind.  If  this  drift  can  be 
interpreted  quantitatively  as  representing  the  average 
wind  velocity  across  the  light  beam,  a  number  of  prom- 
ising applications  appear  for  which  conventional  ane- 
mometers are  poorly  suited,  either  because  the  desired 
location  is  inaccessible  or  because  widely  separated 
point  measurements  are  a  poor  substitute  for  a  true 
spatial  average.  For  example,  it  is  the  wind  immedi- 
ately above  the  runway  that  is  of  interest  to  an  airplane 
pilot,  not  the  wind  at  some  nearby  point  where  it  is 
practical  to  install  an  anemometer.  Similarly,  the 
drift  of  air  pollutants  down  a  valley  depends  on  the 
average  wind,  which  may  be  very  different  from  the 
readings  of  a  few  anemometers  placed  near  the  floor 
of  the  valley.  We  report  here  the  successful  construc- 
tion and  testing  of  such  an  optical  wind  sensor,  whose 
principal  elements  appear  in  Fig.  1,  and  describe  the 
problems  and  limitations  involved  in  its  performance. 

Measurements  of  scintillation  drift,  at  radio  fre- 
quencies, have  long  been  used  to  measure  winds  in  the 
ionosphere.12  In  that  application  the  turbulence 
producing  the  scintillations  tends  to  be  concentrated 
in  a  single  portion  of  the  propagation  path.  This 
effect  minimizes  the  random  decay  of  the  scintillation 
pattern  and  so  simplifies  the  interpretation.  More 
recently,  radio-star  scintillations  have  been  used  to 
infer  the  speed  of  the  interplanetary  solar  wind.3     Here 
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again  the  diffracting  irregularities  tend  to  be  concen- 
trated (near  the  point  of  closest  approach  to  the  sun). 
In  addition,  the  illuminating  radiation  is  a  plane  wave 
rather  than  a  diverging  spherical  one,  and  both  these 
factors  tend  to  reduce  the  random  decay  of  the  pattern. 
The  formal  inversion  of  the  equations  relating  the  wind- 
velocity  and  turbulence  profiles  for  an  extended  medium 
to  the  covariance  function  of  the  scintillations  of  J* 
plane  wave  has  been  published  by  Peskoff,4  using  a 
suggestion  by  Lee  and  Harp6  that  permitted  lineariza- 
tion of  the  integral  equation.  No  test  was  made  of  the 
stability,  resolution,  or  sensitivity  of  this  solution  with 
real,  noisy  observations  made  through  the  actual  at- 
mosphere. Shen6  developed  a  numerical  inversion 
scheme  for  the  spherical-wave  covariance  function, 
using  the  correlation  and  slope  at  zero  lag  to  deduce  the 
turbulence  and  wind  profiles  from  scintillations  ob- 
served over  a  28-km  microwave  link.  He  concluded 
that  an  averaged  wind  could  be  determined  and  in- 
cluded data  that  did  show  that  winds  of  the  proper  sign 
and  reasonable  magnitude  could  be  deduced. 

We  shall  demonstrate  a  modification  of  previous 
methods,  one  that  measures,  with  a  real-time,  on-line 
indicator,  the  average  wind  across  a  laser  beam  and 
successfully  allows  for  the  use  of  diverging  waves  and  a 
turbulent  medium  extending  along  the  entire  path. 

Theory 

A  photograph  of  the  laser  scintillation  pattern  re- 
veals many  different  areas  of  lignt  and  dark.  The 
sizes  of  these  areas  are  determined  by  the  diffraction  of 
the  incident  beam  resulting  from  irregularities  in  the 
temperature  of  the  atmosphere  at  various  positions 
along  the  propagation  path.  At  each  position,  the  dif- 
fraction process  selects  a  most  effective  scale  of  irregular- 
ity, or  eddy,  whose  size  is  sufficient  to  cause  a  half-wave- 
length difference  in  pathlength  to  the  receiver  for  two 
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Fig.  1.     The  general  arrangement  used  to  measure  the  average 

component  of  the  wind,   across  a  laser  beam,  parallel  to  the 

(usually  horizontal)  spacing  of  two  detectors. 


Fig.  2.  A  schematic  diagram  of  the  normalized  covariance  func- 
tion, showing  the  delay  to  the  peak  and  the  slope  at  zero  time 
lag.  While  the  former  is  frequently  used  to  measure  pattern 
drift  velocities,  the  latter  is  more  suitable  in  the  optical  case 
where  the  pattern  decays  rapidly. 

extreme  rays  passing  through  its  edges.  The  diffrac- 
tive  effects  of  this  particular  eddy  dominate  over  those 
of  other  eddies  at  the  same  location. 

If  a  diverging  laser  beam  is  effectively  a  point  source, 
geometric  magnification  increases  the  size  of  the  re- 
ceived eddy  image  by  the  factor  L/z,  where  z  is  the 
position  along  a  beam  of  length  L.  The  image  drift 
rate  at  the  receiver  caused  by  the  local  eddy  drift 
velocity  v(z),  depending  on  the  wind  at  position  z,  is  also 
increased  by  the  same  factor.  Therefore,  the  received 
optical  disturbance  is  larger  and  moves  faster  than  the 
eddy  that  produced  it.  Since  different  portions  of  the 
path  contribute  to  the  total  scintillation  pattern,  that 
pattern  will  be  continuously  evolving  because  of  the 
relative  speeds  of  the  different-sized  features  it  con- 
tains. The  pattern  will  change  even  under  the  ideal 
circumstance  of  uniform  wind  and  unchanging  turbulent 
conditions  along  the  entire  path.  Nonuniformities  in 
the  wind  or  in  the  strength  of  turbulence  will  increase 
the  rate  of  decay. 

These  ideas  are  compactly  expressed  in  the  two- 
dimensional  time-lagged  covariance  function  of  the 
intensity  (or  irradiance)  fluctuations.  In  practice, 
it  is  more  convenient  to  use  the  covariance  of  the  log- 
arithm of  the  intensity  or,  equivalently,  the  log-ampli- 
tude Xj  since  the  logarithm  of  intensity  is  normally 
distributed  and  so  allows  the  use  of  a  polarity-coin- 
cidence correlator.  From  the  spatial  covariance  func- 
tion of  the  log-amplitude  given  by  Lee  and  Harp,5 
we  may  derive  the  time-lagged  covariance  via  Taylor's 
hypothesis  and  the  additional  assumption  that  differ- 
ent portions  of  the  path  produce  effects  in  the  received 


scintillation  pattern  that  are  uncorrelated.7  Taylor's 
hypothesis  implies  that  eddies  do  not  change  signifi- 
cantly during  the  time  they  drift  through  the  beam. 
This  is  not  strictly  true,  since  they  tend  to  decay  with 
lifetimes  proportional  to  their  sizes,  atid  so  produce  time 
changes  in  the  pattern  that  appear  as  additional  random 
velocity  components.  Although  we  use  Taylor's 
hypothesis  in  the  following  derivation,  we  shall  discuss 
later  the  implications  of  eddy  decay. 

The    time-lagged    covariance    of   the    log-amplitude 
fluctuations  is 


Cx(p,T)  =  inV 


Jo        Jo 


<lKK<t>„(K,z) 

X  sm^KHd  -  z)/C2kL)Wo\K\pz/L  -  v{z)t\).     (\) 

This  equation  applies  for  a  spherical  wave  of  wavelength 
X  =  2n/k  propagating  along  the  z  direction  to  z  =  L 
through  two-dimensionally  isotropic  turbulence  de- 
scribed by  some  refractivity  spectrum  $„(K,z),  a 
function  of  position  and  of  two-dimensional  spatial 
wavenumber  K.  The  turbulence  is  drifting  with  a 
velocity  v(z)  perpendicular  to  the  propagation  direction 
and  we  calculate  the  covariance  function  at  two  points 
in  the  scintillation  pattern  separated  by  a  displacement 
p.  The  wind  velocity  parallel  to  the  propagation  path 
has  a  negligible  effect. 

The  additional  assumption  of  local  homogeneity 
permits  us  to  write  <bn{K,z)  in  terms  of  the  Kolnjogorov 
spectrum.  Then,  the  path  may  be  partitioned  into 
segments  within  which  the  K~1H  turbulence  spectrum 
prevails  over  some  well-defined  scale  region,  1/Lo  <  K 
<  l/h,  where  L0  and  l0  are,  respectively,  the  outer  and 
inner  scales  of  turbulence.8  A  new  value  of  the  refrac- 
tive turbulence  structure  parameter  Cn2  is  assumed  for 
each  Lo-sized  segment.  This  generates  a  spectrum 
that  is  a  function  of  position  and  has  the  form 

*„(AT,i)  =  0.033C„2(J)/C"'H.  (2) 

Substituting  Eq.  (2)  into  Eq.  (1)  and  assuming  hori- 
zontal p  and  v,  Eq.  (1)  becomes 

•L 
Cx(p,r)  =  0.132*-^    I      dzC„'(z)    I       dKK- 


■    I      dzC„*(z)    I 
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X  sinHKhiL  -  z)/(2kL)}J0{K[pz/L  -  v(z)t]}     (3) 

forZo«(XL)}«L0. 

Equation  (3),  normalized  to  the  spherical-wave  log- 
amplitude  variance  (x2)  ((x)  =  0)  m  order  to 
make  it  insensitive  to  changes  in  the  level  of  C„2  oc- 
curring simultaneously  along  the  entire  path,  provides  a 
direct  statistical  measure  of  both  the  spatial  and  tem- 
poral characteristics  of  the  amplitude  scintillation 
pattern.     Writing  (x2)  as 

(x!>  =  Cx(0,0)  =0.72Sk^L-i    i     dzC„2(z)[z(L  -  z)}*        (4) 
Jo 

and  dividing  into  Eq.  (3),  we  obtain 
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I      dzCJ(z)    I 
Jo  Jo 


dKK-X  s\n'[K>z(L  -  z)/(2kL)]J„[K(pz/L  -  v(z)t)] 


I 

Jo 


(5) 


dzCn'(z)lz(L  -  z)]' 


268 


0  =  0.4 


-0  =  0.3 


10 


Z/L 


I'ijt,  3.  The  relative  weights  of  the  different  portions  of  the  path 
)m  determining  the  optically  measured  wind.  The  parameter 
j  =  p(X/.)-'  is  the  separation  of  the  sensors.  These  curves 
.iic  calculated  for  point  sensors;  the  finite  area  of  a  real  sensor 
will  tend  to  remove  the  negative  weights  near  the  receiver. 

Equation  (5)  is  the  desired  normalized  time-lagged 
(•(■variance  function,  a  function  of  the  wind  and  turbu- 
lence profiles  along  the  path,  from  which  we  intend  to 
derive  information  about  the  path  average  of  v(z). 
This  function  is  shown  schematically  in  Fig.  2.  Clearly 
the  location  of  the  maximum  value  of  Cxn  depends  on 
the  wind  velocity.  Maximizing  by  either  varying 
the  spacing  at  a  fixed  time  lag  or  varying  the  lag  for  a 
fixed  spacing  yields  some  sort  of  a  weighted  average 
wind  measurement.  However,  as  we  shall  show,  these 
methods  give  averaged  winds  that  depend  on  the 
wind  profile,  yielding  different  results  for  different 
assumed  profiles  with  the  same  average.  Maximizing 
by  varying  spacing  has  the  further  disadvantage  of 
being  cumbersome  and  impractical,  although  in  the 
presence  of  eddy  decay,  it  gives  a  more  nearly  correct 
value  for  the  average  wind.9  The  time  lag  to  the  peak 
gives  a  wind  reading  that  is  systematically  high,  espe- 
cially at  low  wind  velocities  when  eddy  decay  is  most  im- 
portant. Eddy  decay  inhibits  the  contributions  of  the 
slowly  moving  features  in  the  pattern  because,  after 
a  long  lag,  the  pattern  passing  the  second  sensor 
scarcely  resembles  that  which  passed  the  first  sensor, 
and  the  correlation  is  reduced.  Further,  the  variations 
in  C„-  and  the  relative  motions  in  the  pattern,  due  to 
both  the  variable  wind  along  the  path  and  the  geo- 
metrical magnification  mentioned  above,  cause  severe 
distortions  in  the  measured  average.  In  summary, 
the  location  of  the  peak  covariance  is  a  technique 
best  suited  to  measuring  velocities  in  cases  where  the 
pattern  structure  drifts  without  much  evolution. 

A  method  that  avoids  the  problems  of  pattern  decay 
is  the  measurement  of  the  slope  of  the  covariance 
function  at  zero  time  lag,  since  that  measurement 
involves  comparing  features  at  nearly  the  same  instant 
(see  Fig.  2).  As  we  shall  see,  the  slope  gives  a  time- 
weighted  average,  producing  a  correct  result  for  all 
profile  realizations  with  the  same  average  wind.  It  is 
also  relatively  insensitive  to  physically  reasonable 
variations  in  C„2  (i.e.,  the  strength  of  refractive-index 
turbulence)  along  the  path. 


Differentiating  Eq.  (.">)  with  respect  to  r  and  setting 
=  0,  we  obtain10 
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slope  given  by 
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the 
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dKK-H  sin'[K»z(L  -  z)/(2kL)]Jl(Kpz/L).     (7) 


Equation  (7),  plotted  in  Fig.  3,  shows  the  relative 
weights  of  different  portions  of  the  path  in  computing 
the  average.  Note  how  the  weighting  function  varies 
for  different  spacings.  For  our  wind  measuring 
system  we  chose  0  =  p(XL)~i  =  0.33,  which  gives 
the  most  nearly  uniform  weighting.  The  negative 
weights  shown  in  the  figure  will  not  occur  in  practice. 
Equation  (7)  is  the  expression  for  the  wind  weighting 
function  using  point  sensors.  A  similar  result  for 
finite  apertures  would  remove  the  negative  weighting 
for  the  last  portion  of  the  path  by  averaging  over 
pattern  scales  smaller  than  the  aperture  and  would 
bias  the  average  slightly  toward  the  transmitting  end 
of  the  path. 

Figure  4  illustrates  numerical  calculations  that 
demonstrate  the  superiority  of  the  slope  method  over 
using  the  time  delay  to  the  peak  of  the  covariance 
function.  The  wind  velocity  was  assumed  to  vary 
along  the  path  as  shown  in  the  inset,  the  amplitude 
of  the  variation  being  described  by  the  parameter  a. 
The  average  wind  is  the  same  in  all  cases.  The  figure 
shows  clearly  that  while  the  delay  to  the  peak  of  the 
curve  varies  with  the  nonuniformity  of  the  wind,  the 
slope  at  zero  delay  remains  constant,  reflecting  the 
constant  mean  value  of  the  wind.  Other  calculations 
show  that  the  slope  method,  as  distinct  from  the  time- 
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Fig.  4.     Time-lagged  covariance  functions  calculated  for  a  1-km 
path  and  0  =  0.33,  using  the  irregular  wind  distribution  shown  in 
the  inset.    Notice  that  the  delay  to  the  peak  depends  on  the  vari- 
ability a  of  the  wind,  while  the  slope  at  zero  lag  does  not. 
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Fig.  .").     A  block  diagram  of  the  pattern-velocity  computer  vised 

to  measure  the  slope  of  the  normalized  covariance  function  at  zero 

time  lag. 


delay  method,  is  unaffected  by  the  symmetrical 
contribution  made  by  vertical  winds,  i.e.,  by  the 
component  of  transverse  wind  perpendicular  to  the 
line  joining  the  sensors. 

Implementation 

The  prototype  system  developed  for  the  measure- 
ment of  mean  wind  flow  is  compact  and  fairly  simple. 
It  consists  of  a  low-power  laser,  two  receivers,  and  a 
small  computer  to  provide  a  real-time  readout  of  wind 
velocity. 

The  laser  transmitter  consists  of  a  mount  having  a 
sighting  telescope  and  a  3-mW  He-Xe  laser  operating 
single-mode.  Since  changing  vertical  temperature 
gradients  from  day  to  night,  even  50  m  or  so  above 
the  ground,  may  deflect  the  beam  as  much  as  4  /irad/100 
m  in  the  vertical  direction,  we  use  a  cylindrical  lens  to 
expand  the  beam  vertically.  In  this  way  we  are  able 
to  keep  the  receivers  illuminated  sufficiently  over  a 
15-km  path  without  resorting  to  servocontrolled 
pointing. 

Photomultipliers  are  used  to  measure  the  irradiance 
upon  two  horizontally  spaced  circular  apertures  whose 
diameter  is  only  slightly  less  than  the  center-to-center 
spacing  /3  =  p{\L)~i.  The  angular  field  of  view  of 
each  aperture  is  restricted  to  3  mrad,  a  value  sufficient 
to  include  rapid  angular  fluctuations  as  well  as  diurnal 
angle-of-arrival  changes  in  the  wavefront.  The  back- 
ground light  levels  are  further  reduced  by  the  use  of 
10-A  interference  filters. 

A  real-time  readout  of  wind  velocity  is  obtained  with 
a  small  computer  that  we  have  designed  for  this 
purpose.  We  wish  to  measure  the  slope,  at  zero  delay, 
of  the  normalized  time-lagged  covariance  of  the  loga- 
rithm of  the  fluctuating  signals.  To  accomplish 
this,  the  computer  measures  the  normalized  covariance 
a  small  time  lag  on  either  side  of  zero  delay.  The 
magnitude  of  the  difference  is  then  a  measure  of  the 
slope  at  zero  delay. 

The  system  is  shown  in  Fig.  5.  First,  we  obtain  the 
logarithms  of  the  received  signals.  From  the  loga- 
rithmic converters,  the  signals  pass  through  clipping 
circuits  that  determine  the  signs  of  the  signals  relative 
to  their  means.  This  sign  information  is  fed  to 
exclusive  or  (EXOR)  circuits  that  determine  the  frac- 
tion of  time  that  the  signs  of  the  signals  are  alike. 
The  combination  of  clippers  and  any  of  the  EXOR 
circuits    forms    a    one-bit    correlator    that    computes 


the  normalized  covariance  of  input  signals  having  a 
Gaussian  amplitude  distribution."  Since  the  optical 
signal  irradiance  fluctuations  are  log-normally  distrib- 
uted, this  condition  is  satisfied  by  taking  the  logarithm. 

The  eight-bit  shift  registers  delay  signal  1  relative  to 
2  in  the  upper  EXOR  circuit  and  signal  2  relative  to  1 
in  the  lower  EXOR  circuit.  The  delay,  less  than  a 
millisecond,  is  sufficiently  small  so  that  the  covariance 
measurements  are  made  over  a  nearly  linear  portion 
of  the  covariance  function,  up  to  the  highest  expected 
wind  velocity.  The  computer  output  is  the  difference 
of  the  upper  and  lower  EXOR  circuits,  calibrated  in 
terms  of  wind  velocity. 

Several  auxiliary  circuits  improve  the  practical 
operation  of  the  system.  The  center  EXOR  circuif 
measures  the  normalized  covariance  at  zero  delay. 
This  quantity  is  useful  as  a  check  on  the  theoretically 
expected  value  for  a  given  pathlength  and  sensor 
separation.  In  the  present  system,  it  is  used  as  one 
input  to  an  inhibit  circuit.  If  the  laser  beam  is 
obscured,  that  circuit  detects  either  an  excessively 
low  signal  or  a  low  normalized  covariance.  The  dual 
test  is  necessary  for  the  following  reasons.  If  the  lasei 
signal  is  lost  in  the  daytime,  the  covariance  will  go  to 
zero,  since  the  noise  in  the  detectors  generated  by  back- 
ground light  is  uncorrected.  However,  the  ambient 
background  light  may  be  intense  enough  to  prevent 
low-signal  turnoff.  If  the  laser  signal  is  lost  at  night, 
the  low-signal  test  is  effective  even  though  the  co- 
variance  may  still  be  appreciable  because  of  stray 
correlated  pickup  in  the  absence  of  other  signals. 

A  known  slope  may  be  inserted  into  the  computer  by 
means  of  the  calibration  unit.  The  unit  consists  of  a 
generator  of  variable  frequency  having  two  square- 
wave  outputs  differing  in  phase  by  90°.  The  expected 
normalized  covariance  of  these  two  signals  is  a  triang- 
ular waveform  with  zero  covariance  at  zero  delay. 
The  slope  of  the  covariance  at  zero  delay  is  four  times 
the  square-wave  frequency,  the  sign  being  determined 


Fig.  6.     A  24-h  comparison  between  the  optically  measured  wind 
(upper  curve)  and  the  mean  of  seven  propeller-type  anemometer- 
spaced  evenly  along  the  1-km  test.  path. 
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I'iK   7.     A  scalier  diagram  of  individual  10-min  readings  taken 

from  Fig-  6-     Most  of  the  variation  seems  to  result  from  failure 

of  the  anemometers  to  measure  a  true  average. 


Fig.  8.     A  12-h  sample  of  the  average  wind  measured  optically 
across  a  15-km  path  passing  over  Boulder,  Colorado. 

by  which  signal  is  leading.  A  more  detailed  discussion 
of  the  calibration  procedure  as  well  as  other  aspects 
of  the  computer  may  be  found  in  Ref.  12. 

In  order  to  verify  the  wind  measurement,  we  tested 
the  system  over  a  1-km  east-west  path  instrumented 
with  seven  propeller  anemometers  fixed  in  position  to 
read  the  wind  component  normal  to  the  path.  The 
optical  receiver  spacing  was  O.S  cm,  about  one  third 
of  a  Fresnel  zone  for  the  path,  i.e.,  p  =  O^CX/./)', 
giving  a  nearly  symmetrical  weighting  of  wind  velocity 
with  respect  to  the  center  of  the  path. 

A  comparison  of  the  wind  velocity  va  normal  to  the 
optical  path  as  determined  by  the  mean  of  the  seven 
anemometer  readings  and  the  wind  velocity  i>0,  deter- 
mined optically,  is  shown  over  a  24-h  period  in  Fig.  6. 
A  10-min  running  average  has  been  applied  to  both 
curves.  The  correlation  coefficient  between  va  and 
va  was  better  than  0.96  for  the  24-h  period.  In  Fig.  7 
we  show  a  scatter  plot  of  10-min  averaged  values  of 
i'o  va  va  for  the  24-h  period.  A  least-squares  straight- 
line  fit  to  these  data  gives  a  slope  of  0.94,  indicating 
that  the  theoretical  relationship  between  slope  and 
wind  velocity  is  valid.  Most  of  the  scatter  in  Fig.  7 
arises  from  failure  of  the  seven  anemometers  to  measure 
the  true  mean  wind,  even  with  10-min  smoothing  of  the 
data.  We  know  this  because  a  scatter  plot  of  the  aver- 
age of  anemometer  readings  in  even  and  odd  position 
locations  contains  nearly  the  same  scatter  as  Fig.  7. 


Equation  (6)  indicates  that  the  optical  method  mea- 
sures the  wind  as  weighted  by  the  strength,  G'„2,  of  re- 
fractive-index turbulence  along  the  path.  Random 
variations  of  CV  will  distort  the  measured  average  wind 
only  if  they  are  correlated  with  the  variations  in  wind 
speed.  A  reasonable  supposition,  certainly  not  con- 
tradicted by  the  excellent  sensor  performance  shown  in 
Fig.  6,  is  that  turbulence  is  strongest  at  locations  of 
maximum  wind  shear,  not  at  locations  of  maximum 
wind  speed.  If  so,  the  turbulence  tends  to  be  uncor- 
rected with  the  wind,  and  the  average  obtained  by  the 
optical  sensor  is  unbiased.  Systematic  variations  of 
turbulence  along  the  path  can  be  expected  in  certain 
cases.  For  slant  paths  the  resulting  bias  in  the  average 
wind  can  be  reduced  by  proper  choice  of  the  weighting 
functions  shown  in  Fig.  3.  Hilltop-to-hilltop  paths 
have  a  systematic  increase  in  turbulence  near  the  ends, 
but  this  conveniently  tends  to  be  counteracted  by  the 
insensitivity  of  the  weighting  function  to  winds  at  ends 
of  the  path. 

The  same  system  used  in  the  1-km  path  tests  has  tiow 
been  operating  continuously  for  ">  months  on  a  15-km 
north-south  path  over  Boulder,  Colorado.  A  sample 
record  of  wind  velocity  on  this  path  for  12  h  is  shown  in 
Fig.  8.  During  part  of  this  period,  Chinook  winds 
were  producing  peak  gusts  as  high  as  90  mph  at  Boulder. 

Conclusions 

We  have  demonstrated  that  an  optical  sensort  of 
average  transverse  wind,  using  the  natural  turbulence 
of  the  atmosphere,  is  an  accurate,  practical,  and 
potentially  useful  device.  It  measures  a  true  average 
of  the  wind  across  the  path,  being  unaffected  by  non- 
uniformity  of  the  wind  and  only  slightly  affected  by 
nonuniformity  of  the  strength  of  turbulence  along  the 
path. 

We  plan  to  explore  the  possibility  of  using  passive 
reflectors  to  permit  folding  the  path.  The  resulting 
flexibility  of  the  system  would  permit  measurements 
to  nearly  inaccessible  locations  or  would  allow  a  laser 
beam  to  surround  an  area,  thus  permitting  measure- 
ment of  atmospheric  convergence.  The  possibilities 
of  intentionally  varying  the  weighting  function, 
through  the  use  of  different  apertures  and  spacings, 
so  as  to  deduce  the  profile  of  wind  over  the  path 
warrant  exploration. 


References 

1.  S.  N.  Mitra.  Proc.  IEE,  96-///,  441  (1949). 

2.  B.  H.  Briggs  and  M.  Spencer,  Rept.  Progr.  Phys.  17,  245  (1954). 

3.  M.  H.  Cohen,  E.  J.  Gundermann,  H.  E.  Hardebeck.  and  L.  E.  Sharp, 
Astrophys.  J.  147,  449  (1967). 

4.  A.  PeskofT,  Proc.  IEEE  59,  324  (1971). 

5.  R.  W.  Lee  and  J.  C.  Harp.  Proc.  IEEE  57,  375  (1969). 

6.  L.  Shen.  IEEE  Trana.  Ant.  Prop.  AP-18,  493  (1970). 

7.  S.  F.  Clifford.  J.  Opt.  Soc.  Am.  61,  1285  (1971). 

8.  V.  I.  Tatarski.  Wave  Propagation  in  a  Turbulent  Medium  (McGraw-Hill. 
New  York.  1961). 

9.  M.  G.  Morgan  and  K.  L.  Bowles,  Science  161,  1139  (1968). 

10.  Shen«  follows  the  same  procedure  to  invert  Eq.  (5).  He  shows  that  a 
complete  numerical  inversion  can  yield  only  the  mean  wind  and,  perhaps, 
the  gradient.  We.  on  the  other  hand,  make  direct  use  of  the  proportion- 
ality between  correlation  slope  and  mean  wind. 

11.  G.  R.  Ochs.  ESSA  Tech.  Rept.  ERL63-WPL2  (U.  S.  Government 
Printing  Office,  Washington.  I).  C.  1968). 

12.  G.  R.  Ochs  (to  be  published,  Rev.  Sci.  Instrum.). 


271 


38 


Reprinted  with   permission   from  Applied  Optics 
Vol.    11,   No.    3,   699-700,   March   1972. 


Raman  Spectroscopy  with  a  Tunable  Dye 
Laser  and  a  Narrow-Band  Filter 

G.  T.  McNice 

Wave    Propagation    Laboratory,     Environmental    Research 

Laboratories,  NOAA,  Boulder,  Colorado  80302. 

Received  13  December  1971. 

Sponsored  by  Darrell  E.  Burch,  Philco-Ford. 

Raman  spectra  of  gases  are  generally  obtained  by  propagating  a 
fixed-wavelength  laser  beam  through  a  gas  and  selecting  the 
Raman  component  of  the  scattered  light  by  means  of  a  tunable 
double  monochromator.  The  double  (or  even  triple)  mono- 
chromator  is  desirable  for  rejection  of  the  strong  on-frequency 
Mie  and  Rayleigh  components.  In  principle,  a  similar  spectrum 
can  be  obtained  by  tuning  the  laser  rather  than  the  monochro- 
mator, thus  shifting  the  Raman  wavelength  across  the  fixed 
passband  of  the  monochromator.  The  two  methods  are  entirely 
equivalent  if  the  variation  of  the  Raman  cross  section  over  the 
monochromator  passband  is  ignored. 

The  advantage  of  a  tunable-laser  system  lies  in  its  simplicity. 
With  a  fixed  monochromator,  it  is  not  necessary  to  provide 
precision  tracking  of  two  or  three  gratings  or  correct  for  chromatic 
aberration  in  dispersive  optical  elements.  In  principle,  all  that 
is  required  is  a  filter.  A  stack  of  absorption  filters  can  provide 
the  required  rejection  of  on-frequency  scattering  but  not  a  suf- 
ficiently narrow  passband.  Interference  filters  can  have  ac- 
ceptable band  widths  (<1  nm)  but  reduce  the  on-frequency 
scattering  by  only  about  10*,  which  s  marginal  at  best.  Since 
they  reflect  light  that  is  not  transmitted,  stacking  n  interference 
filters  perpendicular  to  the  optical  path  increases  the  rejection  to 
only  n  X  10*,  not  106",  due  to  multiple  reflections  between  filters, 
while  tipping  them  to  reduce  the  reflections  degrades  transmission 
and  bandwidth.     Nevertheless,   the  simplicity  of  the  tunable- 
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laser  system  using  a  filter  was  felt  to  be  attractive  enough  to 
warrant  a  preliminary  experiment,  and  the  system  shown  in 
Kig.  1  was  assembled. 

The  tunable  laser  was  a  flashlamp  pumped  dye  laser  with  the 
following  characteristics: 


active  medium: 
output  energy: 
pulse  rate: 
wavelength: 
line  width: 
pulse  width: 


calcein  blue  in  water, 

5  X  10-«  J/pulse, 

6  sec"1, 
438-468  nm, 
0.2  nm, 

0.5  iisec. 


The  filter  was  a  stack  of  four  narrow-band  interference  filters 
mounted  on  an  EMI  9558  photomultiplier.  The  filter  pass- 
bands  were  centered  at  488  nm,  three  of  them  being  1  nm  wide 
and  the  fourth  being  3  nm  wide.  These  particular  filters  were 
chosen  simply  because  they  were  available  in  the  laboratory. 
The  optical  characteristics  of  the  filter  stack  were: 

peak  transmission:  5%, 

half-width:  0.7  nm, 

Transmission  at  453.6  nm:    less  than  10 "*. 

The  filter  transmission  characteristics  were  found  to  be  very 
sensitive  to  angle  of  incidence  so  tipping  the  filters  was  not  at- 
tempted. 

The  sample  compartment  consisted  of  a  black  cardboard  box 
mounted  inside  the  laser  resonator  with  holes  punched  for  the 
laser  beam  and  the  Raman  output.  The  sample  gas  was  flowed 
through  continuously  to  displace  any  air.  The  box  also  contained 
a  cylindrical  lens  to  collimate  the  Raman  scattering  from  the 
laser  beam.  The  putput  of  the  photomultiplier  was  sampled 
at  the  peak  of  the  laser  pulse,  integrated,  and  recorded.     The 


Fig.    2. 
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Representative    Raman    spectra    recorded    with    the 
tunable-laser  Raman  spectograph. 
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Fig.   I.     Schematic  diagram  of  the  tunable-laser  Raman  spec- 
trograph. 


Table  I.    Laser  Wavelengths  Required  to  Generate  Raman 
Scattering  at  488  nm 


Laser 

Transition 

wavelength 

('.as 

(cm"') 

(nm) 

Oxygen 

1553 

453.6 

Carbon  dioxide 

1409 

4.')6.6 

1388 

457 . 0 

1286 

459.2 

126."> 

459.6 

laser  wavelength  was  calibrated  against  a  mercury  spectrum  on  a 
Bausch  &  Lomb  1 .5-m  grating  spectograph. 

Oxygen  and  carbon  dioxide  were  chosen  to  test  the  system, 
their  choice  being  dictated  by  their  immediate  availability  as 
well  as  their  nontoxic  and  nonodious  nature  (the  latter  being 
important  considerations  due  to  the  open  structure  of  the  sample 
compartment).  The  laser  wavelengths  required  to  generate 
Raman  scattering  from  these  gases  at  488  nm  are  shown  in 
Table  I. 

The  sample  chamber  was  first  flooded  with  oxygen  and  the 
top  spectrum  of  Fig.  2  obtained.  The  sample  chamber  was 
then  flooded  with  carbon  dioxide  and  the  same  wavelength 
region  scanned  generating  the  bottom  spectrum  of  Fig.  2.  The 
success  of  the  technique  is  apparent. 

The  resolution  of  the  spectra  of  Fig.  2  is  limited  primarily  by  the 
spectral  width  of  the  filter  stack  (0.7  nm)  and  to  a  lesser  extent  by 
the  laser  line  width  (0.2  nm).  System  sensitivity  was  limited  by 
scattered  flashlamp  light  in  the  passband  of  the  filter  and  50% 
amplitude  variations  in  the  laser  output.  Considerable  improve- 
ment in  both  resolution  and  sensitivity  is  readily  available  by 
placing  a  Fabry-Perot  interferometer  in  front  of  the  filter  stack 
and  using  an  intraeavity  etalon  in  the  dye  laser.  These  changes 
can  be  expected  to  produce  an  instrumental  resolution  on  the 
order  of  0.01  nm  along  with  a  significant  improvement  in  sen- 
sitivity through  reduction  of  flashlamp  feedthrough.  Further 
improvements  in  sensitivity  are  available  through  stabilization 
of  the  laser  and  ratio  recording  to  reduce  the  effects  of  the  re- 
maining laser  fluctuations. 

It  should  be  emphasized  that  this  was  a  very  quick  and  simple 
experiment  requiring  neither  critical  alignment  nor  special 
techniques.  With  care  and  engineering,  this  technique  should 
provide  a  useful  and  relatively  inexpensive  tool  for  the  Raman 
spectroscopist. 
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TEMPERATUEE  AND  C2  PROFILES  MEASURED  OVER  LAND  AND  OCEAN  TO  3  KM 
n 

ABOVE  THE  SURFACE 


G.  R.  Ochs  and  R.  S.  Lawrence 


We  present  a  series  of  profiles  of  atmospheric  temper- 
ature and  optical  refractive -index  structure  measured  to 
3  km  above  the  surface.  Measurements  were  made  with  probes 
mounted  on  a  moving  carriage  on  ERL's  150-m  tower  near 
Ha  swell,  Colorado,  and  from  air era ft -mounted  probes  flown 
over  eastern  Colorado  and  over  the  Pacific  Ocean  southwest 
of  San  Diego,  California.  A  brief  review  of  accepted  models 
and  theories  of  height  dependence  of  C^  is  included  for 
comparison  with  the  experimental  data. 
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Reprinted  from  NOAA  Technical  Memorandum  ERL  WPL-9,  July  1973. 

THE  NOAA  OPTICAL  SYSTEM  FOR  MEASURING  AVERAGE  WIND 
G.  R.  Ochs  and  G.  F.  Miller 


The  NOAA  optical  system  for  measuring  average 
wind  is  described.   Circuit  diagrams  and  ad- 
justment instructions  for  the  instrument  are 
included. 


1.   INTRODUCTION 

The  instrument,  consisting  of  the  optical  receiver  and  wind  com- 
puter shown  in  figure  1,  is  designed  to  measure  the  spatially  averaged 
transverse  component  of  the  wind,  averaged  over  an  optical  path  to  a 
laser  transmitter.  This  is  accomplished  by  analysis  of  the  motion  of 
various  spatial  wavelengths  in  the  scintillating  light  pattern  received 
from  a  helium-neon  laser.  The  principle  is  discussed  in  detail  by  Law- 
rence et  al.  (1972).  The  instrument  is  a  somewhat  modified  version  from 
the  one  they  described,  since  we  correlate  the  difference  of  intensity 
fluctuations  between  two  pairs  of  photodiode  receivers,  rather  than  cor- 
relate log-intensity  fluctuations  in  two  receivers.  This  modification 
has  important  advantages  over  the  previous  technique  in  that  fluctua- 
tions in  the  light  source  have  little  effect  upon  the  operation,  and 
less  error  occurs  when  optical  scintillation  approaches  the  saturated 
condition.  The  use  of  intensity  fluctuations  results  in  a  variation  in 
the  wind  calibration  with  C^,  but  this  effect  is  almost  entirely  elimi- 
nated if  the  sensors  are  separated  0.3  of  a  Fresnel  zone  for  the  path 
length  used.  This  separation  also  gives  the  most  nearly  uniform  path 
averaging  of  the  wind  and  is  set  up  automatically  when  the  path  length 
adjustment  is  made  at  the  receivers. 
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Reprinted  from  NOAA  Technical  Memorandum  ERL  WPL-10,  September  1973 
A  FEASIBILITY  STUDY  OF  AN  OPTICAL  CROSSWIND  MONITOR 
G.  R.  Ochs,  S.  F.  Clifford,  and  Ting-i  Wang* 


This  report  summarizes  progress  to  date  on  our  feasibility 
study  of  a  laser-beam  crosswind-measuring  system.   In  the 
first  section,  we  consider  the  laser  system  concept  and 
discuss  its  1  i  mi  tations,  namely  the  uncontrollable  vari- 
ability of  the  path-weighting  function  and  its  tendency  to 
peak  at  less  than  10  percent  of  the  path  from  the  trans- 
mitter in  high  refractive  turbulence.   In  the  second 
section,  we  consider  an  alternative  approach  called  the 
"passive"  system  that  uses  the  naturally  occurring, 
ambient  Nlumination  of  the  target  to  extract  wind  infor- 
mation.  This  technique  has  the  advantage  that,  unlike 
the  laser  system,  at  least  from  the  point  of  view  of  the 
first-order  theory,  the  path-weighting  functions  are 
independent  of  the  level  of  refractive  turbulence  and 
exhibit  a  reasonable  degree  of  variability  with  changes  in 
detector  spacing.   Also  included  in  appendix  A  are  som-: 
recent  results  on  the  saturation  problem.   It  is  quite 
likely  that  the  effects  of  saturation  will  have  some 
influence  on  both  the  laser  and  passive  techniques.   .  s 
size  of  these  effects  on  the  wind-weighting  functio  :   as 
yet  to  be  evaluated. 


1 .   INTRODUCTION 
During  the  period  from  November  1,  1972,  to  September  30,  1973, 
we  conducted  a  theoretical  and  experimental  study  of  the  feasibility  of  a 
laser-beam  crosswind  monitor.  The  system  as  initially  posed  consisted 
of  a  laser  transmitter  and  a  collocated  set  of  receiving  optics.  The 
principle  of  operation  of  this  single-ended  system  was  that  a  receiver 
telescope  would  observe  a  laser-illuminated  target;  from  an  analysis 
of  the  atmospherically  induced  fluctuations  in  the  pattern  of  illumin- 
ation (scintillation  pattern),  information  about  the  crosswind  along  the 
path  could  be  derived.  The  first  part  of  this  report  is  a  detailed 
analysis  ot  the  system  and  a  conclusion  as  to  its  feasibility.   In  the 
second  part,  we  consider  an  alternative  approach  and  its  relative  merits. 


*Ting-i  Wang  is  with  the  Cooperative  Institute  for  Research  in  the 
Environmental  Sciences,  an  institute  sponsored  jointly  by  the  University 
of  Colorado  and  the  National  Oceanic  and  Atmospheric  Administration. 
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Reprinted  from  NOAA  Technical  Report  ERL  263-WPL  23,  February  1973. 


OPTICAL  MEASUREMENT  OF  CAPILLARY  WAVE  STRUCTURE 
Ronald  L.  Schwiesow 


Remote  (optical)  sensors  may  be  applied  to  the 
measurement  of  capillary  wave  structure  on  an  ocean 
surface.   This  report  analyzes  four  instrumental 
systems  and  associated  parameters  required  to  meas- 
ure tne  time -dependent  relative  height  of  a  1  mm 
diameter  section  of  surface  witn  a  1  mm  heignt  reso- 
lution and  a  frequency  response  of  100  Hz.   Determin- 
ation of  the  most  promising  technique  depends  on  tne 
outcome  of  some  critical  experiments,  although  the 
COg  laser  velocity  integration  system  and  a  mode- 
locked  NdrYAG  laser  phase  comparison  system  appear 
most  promising. 
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Raman  Scattering  from  Pollutant  Gases  and 
Air-Water  Interfaces 

Ronald  L.  Schwiesow* 
Environmental  Research  Laboratories.  National  Oceanic  and  Atmospheric  Administration.  Boulder.  Colo. 


Remote  sensing  of  environmental  constituents  by  Raman  lidar  is  an  attractive  method  for  monitoring  molecular 
environmental  pollutants.  We  report  techniques  for  and  results  of  laboratory  measurements  of  Raman  scattering 
cross  sections  and  depolarization  ratios  of  atmospheric  gases,  as  a  function  of  incident  photon  energy. 
The  cross  section  of  H,0  (relative  10  N,  as  a  reference)  changes  by  a  factor  of  2  as  the  incident  photon 
energy  is  changed  by  S%.  Results  for  SO ,,  NO,  and  other  gases  are  less  dramatic  We  also  discuss  preliminary 
spectral  features  of  scattering  from  polluted  air-water  interfaces. 


I.     Applications  of  Spectral  Back-Scatter 

RAMAN  lidar  involves  the  spectral  and  temporal  resolution 
of  the  optical  back-scatter  of  a  monochromatic  pulsed 
laser  source.  The  intensity-vs-photon-energy  characteristics  of 
the  scattered  spectrum  for  a  given  laser  photon  energy  (or 
frequency)  identify  the  scatterer,  and  the  time  delay  determines 
range  to  the  scatterer.  In  principle,  such  an  atmospheric  or 
air-to-water  interface  scattering  technique  is  a  powerful  remote 
sensor  for  environmental  pollutants. 

Our  laboratory  is  involved  in  studies  of  the  Raman  scattering 
characteristics  of  gases,  aerosols,  and  air-to-liquid  interfaces.  The 
purpose  of  this  paper  is  to  identify  some  illustrative  applications 
of  generalized  Raman  scatter  to  pollutant  systems,  and  then  to 
discuss  in  this  applications  context  some  preliminary  results 
of  our  laboratory  measurements.  The  paper  is  designed  to  serve 


Presented  as  Paper  71-1086  at  the  Joint  Conference  on  Sensing  of 
Environmental  Pollutants,  Palo  Alto.  Calif.  November  8-10.  1971; 
submitted  October  28,  1971 ;  revision  received  July  31.  1972.  Research 
supported  in  part  by  NASA.  MSC  and  EPA.  APCO. 

Index  categories:  Atmospheric,  Space,  and  Oceanographic  Sciences; 
Lasers 

*  Physicist. 


as  a  review  of  applications  and  theory  and  as  a  preview  of 
scattering  results. 

Enthusiasm  for  the  ability  of  Raman  lidar  to  both  identify 
and  locate  a  particular  polluting  constituent  must  be  tempered 
by  the  fact  that  gaseous  Raman  scattering  is  very  weak  compared 
to  Mie  or  Rayleigh  scattering.  Scattering-  cross  section  and 
depolarization  ratio  are  the  two  quantitative  parameters  which 
describe  the  magnitude  of  the  molecular  Raman  scattering  inter- 
action. These  parameters  will  be  described  in  more  detail  later. 
Together  with  the  incident  laser  frequency  and  the  characteristic 
frequency  shift  of  the  particular  molecular  transition,  the  cross 
section  and  depolarization  ratio  completely  describe  the  scatter- 
ing interaction.  These  four  characteristic  scattering  values,  over  a 
range  of  the  incident  laser  photon  frequency  as  an  independent 
variable,  must  be  known  for  molecules  of  interest  in  order  to 
make  realistic  system  feasibility  studies,  to  calibrate  field  sensor 
equipment,  and  to  select  laser  frequencies  for  maximum  back- 
scatter  intensity.  These  molecular  measurements  are  discussed 
here.  Similar  laboratory  studies  of  gaseous  scattering  from 
different  molecules  from  those  discussed  in  this  paper  have 
recently  been  reported  by  Widhopf  and  Lederman.1 

Although  many  investigators  have  proposed  Raman  lidar 
measurements  of  atmospheric  pollutants,  Kobayasi  and  Inaba2 
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I  i _•   I     Representative  cnergj  le>el  diagram  for  discussing  the  Raman 
effect. 


are  among  the  few  to  report  positive  results  Optimization  and 
interpretation  of  such  results  require  quantitative  molecular 
studies 

We  suggest  that  Raman  lidar  may  also  be  a  useful  tool  for 
water  pollution  studies.  Pollution  analysis  by  bulk  Raman 
scattering  from  samples  in  small  cells  has  been  suggested  and 
demonstrated  to  a  limited  extent 5  This  paper  reports  preliminary 
spectra  of  Raman  scattering  from  air-to-water  interfaces.  This 
method  of  characterizing  water-borne  pollutants  is  excellently 
suited  lo  remote  sensing  of  large  areas  from  an  air-borne  plat- 
form Lidarhas considerably  more  flexibility  than  other  methods, 
such  as  solar  u\  absorption,  because  the  active,  controlled  source 
allows  rapid  scanning,  ratio  detection,  and  selection  of  mono- 
chromatic pump  frequency.  One  can  visualize  a  remote  sensing 
method  utilizing  a  lateral  scan  from  an  aircraft  coupled  with 
translation  along  the  aircraft  track. 

Remote  analysis  of  pollutant  systems  by  Raman  back-scatter 
is  currently  signal-to-noise  limited  by  technological  problems 
(laser  power  and  optical  filter  bandwidth)  and  by  lack  of  under- 
standing of  the  details  of  molecular  scattering.  Advantages  of 
the  remote  methods  over  point  sampling,  including  speed, 
economy  and  large  area  coverage,  dictate  that  research  on  these 
questions  continue. 

II.     The  Raman  Effect 

At  least  three  types  of  spectrally-dependent  processes  are 
useful  for  remote  constituent  sensing.  They  are  resonance  re- 
radiation,  fluorescence,  and  Raman  scattering.  At  atmospheric 
pressures  only  Raman  scattering  has  been  observed  for  molecules, 
so  we  will  emphasize  the  Raman  effect  in  the  following  discussion. 
Qualitative  aspects  of  the  scattering  are  also  useful  for  under- 
standing resonance  reradiation  and  fluorescence  effects. 

The  energy  level  diagram  useful  for  reviewing  the  Raman 
effect  is  shown  in  Fig.  I.  For  molecular  pollutants,  vibration- 
rotation  levels  are  applicable,  although  the  theory4  applies  to 
pure  rotation  and  electronic  energy  levels,  as  well  as  more 
complex  energy  states  in  solids  and  liquids  For  Raman  scattering 
the  level  k  is  a  virtual  (or  unreal)  state  of  the  molecule  Level  k 
is  introduced  as  a  conceptual  aid  in  visualizing  the  interaction 
in  terms  of  energy  conservation.  The  scattering  involves  the 
interaction  of  a  molecule  and  two  photons  simultaneously,  and 
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Fig.  2     Quantum  mechanical  expression  for  the  differential   Raman 
scattering  cross  section  of  a  gaseous  molecule. 


Fig.  3  Representative  three-dimensional  Raman  scattering  diagram  for 
scattering  intensity  as  a  function  of  angle,  laser  radiation  is  directed 
along  the  i  axis  polarized  in  the  :  direction.  Instrumental  collection 
solid  angles  are  indicated  for  viewing  scattering  in  the  \  and  :  directions. 


is  referred  to  as  a  single  two-photon  interaction  In  this  context, 
simultaneously  means  a  time  less  than  10  "■  sec.  Energy  is 
conserved  in  the  over-all  process,  but  is  not  conserved  in  the 
individual  photon  destruction  and  creation  subprocesses,  where 
all  real  states  of  the  molecule  are  involved.  Since  the  two- 
photon  scattering  occurs  so  rapidly,  it  is  not  affected  by  molecular 
collisions  which  typically  involve  mean  time  between  collisions 
of  the  order  of  10   8  sec. 

If  state  I  =  state  /  but  k  still  represents  a  virtual  state,  the 
energy  level  diagram  applies  to  Rayleigh  scattering  This  type  of 
scattering  is  also  a  two-photon  interaction  with  the  molecule, 
but  there  is  no  measurable  difference  in  the  incident  and 
scattered  photon  energies.  When  k  is  a  real  state  of  the  molecule, 
then  the  energy  level  diagram  applies  to  fluorescence  if  state  i  ^ 
state  /.  and  to  resonance  reradiation  if  state  i  =  state  /. 
Fluorescence  and  resonance  reradiation  involve  two  separate 
interactions  of  the  molecule  with  a  single  photon  at  a  time. 
This  is  referred  to  as  a  sequence  of  two  single-photon  inter- 
actions. The  time  lapse  between  stages  of  the  process  varies 
widely  but  is  typically  10  ~6  sec.  Energy  is  conserved  in  each 
step  of  the  process.  The  time  lapse  between  the  two  single- 
photon  interactions  w  ith  the  molecule  allows  molecular  collisions 
to  nonradiatively  de-excite  the  molecule,  quenching  the  fluores- 
cence or  reradiation. 

The  expression5  governing  Raman  scattering  intensity  is 
shown  in  Fig.  2.  The  incident  photon  frequency  is  va,  and  the 
double  subscript  frequency  >',/  =  >', -17  denotes  a  frequency 
difference  which  is  proportional  to  an  energy  level  difference 
in  the  molecule.  The  matrix  elements  are  summed  over  all  real 
states  k  of  the  molecule.  The  resonance  damping  factor  Sk  may 
be  different  for  each  real  state,  and  is  related  to  the  uncertainty 
or  width  of  the  energy  level.  The  equation  shows  scattering  cross- 
section  variation  with  incident  (pump)  frequency  v„.  Since  the 
wave  functions  1//  are  not  known  for  molecules  of  interest,  the 
expression  is  not  useful  for  calculation  of  cross  sections  directly; 
laboratory  measurements  are  required  The  expression  demon- 
strates the  "v4  law"  characteristic  of  Raman  and  Rayleigh 
scattering  alike.  This  means  the  scattering  cross  section  is 
relatively  much  larger  for  higher  energy  incident  photons.  The 
resonance  denominators  are  demonstrated  and  quantified  in  the 
next  section.  Resonance  Raman  scattering  is  predicted  when  the 
incident  frequency  is  nearly  the  same  as  the  difference  between 
a  real  intermediate  state  and  either  the  initial  or  final  states.4 
The  magnitude  of  the  cross-section  change  caused  by  the 
resonance  denominator  is  the  order  of  10''  for  some  organic 
liquids.5 

III.     Gaseous  Cross  Section  Studies 

Method 

In  order  to  measure  molecular  scattering  characteristics,  we 
conduct  carefully  controlled  laboratory  experiments  The  equip- 
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RAMAN  SCATTERING  FROM  POLLUTANT  GASES  AND  AIR-WATER 
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Fig.  4  Relative  Reman  scattering  cross  section  for  water  vapor  under 
atmospheric  conditions  and  various  laser  pump  photon  energies.  A  region 
of  »eak  »ater  vapor  absorption  is  indicated  schematically  as  ABS  (the 
ordinate  of  the  region  has  no  significance)  for  comparison  vvith  Fig.  2. 


Table  I      Measured  relative  Raman  cross  sections  (nN    =  I) 


Gas 


SO, 


NO 


H,0 


.aser  wave  numhcr. 

Relative 

cm    ' 

cross  section 

Depolarization 

20  98 1  |476,5nm> 

5.2 

0.04 

20  487|488.0nml 

5.5 

0.05 

20  135  (4%.5nm) 

5.5 

0.04 

19430(5l4.5nm) 

5.6 

0.05 

20  981 

0.45 

Oil 

20  487 

0.45 

0.10 

20  135 

0.43 

on 

19  430 

049 

0.08 

20  981 

2.5 

20  487 

1.9 

19  430 

3.3 

menl  includes  a  CW  argon-ion  laser,  double  monochromator 
to  discriminate  against  instrumental^  scattered  on-frequency 
light  and  a  linear  photon-counting  detection  scheme.  All  data 
are  taken  and  processed  using  digital  techniques. 

The  three-dimensional  molecular  scattering  pattern  of  a  fluid  is 
indicated  in  Fig  3,  relating  intensity  and  angle.  The  minimum 
and  maximum  radial  dimensions  of  the  toroid  characterize 
the  scattering  and  give  the  cross  section  and  depolarization 
ratio  for  the  scattering  process  at  some  particular  pump  frequency 
and  molecular  frequency  shift.  The  scattering  cross  section  is 
the  magnitude  of  the  maximum  radial  dimension  of  the  toroid. 
while  the  depolarization  ratio  is  the  ratio  of  minimum  to 
maximum  dimensions.  This  depolarization  ratio  is  the  same  as 
that  obtained  by  measuring  the  ratio  of  y  to  z  polarized 
scattering  for  light  propagating  in  the  x  direction.  Because  the 
scattered  photons  are  collected  over  a  large  solid  angle,  the 
minimum  and  maximum  intensities  of  Fig.  3  are  not  available 
directly,  but  are  obtained  from  geometrical  corrections.  Similar 
corrections  are  required  for  the  polarization  sensitivity  of  the 
monochromator. 

Pollutant  gases  are  measured  in  a  cell  buffered  with  nitrogen 
to  760-torr  total  pressure.  The  nitrogen  reproduces  atmospheric 
pressure-quenching  effects  and  serves  as  an  internal  intensity 
reference.  Reported  cross  sections  are  given  relative  to  the 
integrated  scattering  of  the  single,  isolated  Q  branch  of  nitrogen 
at  a  shift  v,,  of  2331  cm"1  from  the  exciting  light.  In  the 
region  of  incident  photon  energy  10,000-40,000  cm"  ',  nitrogen 
has  no  known  absorptions  and  is  presumed  to  exhibit  only  the 
(vo+vf/)4  frequency  dependence. 

Four  argon  laser  lines  have  sufficient  power  to  yield  significant 
scattered  intensity  for  useful  measurements  on  gases. 

Results 

The  results  reported  must  be  applied  with  care  since  further 
measurements  may  refine  these  values.  General  characteristics  of 
the  variation  in  cross  section  with  pump  frequency  are  believed 
correct  and  useful. 

Figure  4  graphically  illustrates  the  variation  in  the  Raman 
scattering  cross  section  of  water  vapor  with  incident  photon 
energy.  The  very  weak  visible  absorption  indicated  schematically 
is  probably  the  reason  for  the  weak  cross-section  resonance. 
Studies  with  a  tunable  dye  laser  closer  to  the  absorption  region 
are  in  process,  and  should  help  us  understand  the  intensity 
equation. 

The  table  of  scattering  cross  sections  (Table  1 )  summarizes 
results  to  date  on  pollutant  molecules.  The  values  are  consistent 
with  other  measurements6"  which  were  not  polarization- 
analyzed.  Larger  cross  sections  are  required  to  extend  the  range 
or  pollutant  concentration  limits  of  present  systems.2  Resonance 
studies  hold  promise  of  selecting  optimum  laser  frequencies  for 
this  extension.  Depolarization  measurements  are  an  important 
part  of  understanding  the  resonance  denominators." 

An  excitingly  large  cross  section  for  mixed  hydrocarbon  vapors 


is  indicated  in  Fig.  5.  This  data  has  not  yet  been  analyzed  for 
cross  section,  but  on  the  basis  of  relative  integrated  spectral 
areas  and  sample  partial  pressures,  it  appears  that  the  average 
hydrocarbon  cross  section  is  approximately  115  times  that  of 
nitrogen.  The  spectrum  is  the  result  of  the  C  H  stretch  in  the 
molecules,  where  the  energy  shift  for  each  bond  depends  on  the 
host  molecule  and  bond  location.  This  molecular  combination 
results  in  a  broad  spectrum  compared  to  the  nitrogen  spectrum. 
Further  analysis  of  this  pollutant  system  is  important  for  remote 
sensing  purposes. 

IV.     Air-Liquid  Interface  Studies 

Raman  scattering  in  liquids  is  comparatively  more  intense  than 
scattering  in  gases.  An  air-liquid  interface  scatters  with  a 
spectrum  very  similar  to  that  of  the  bulk  liquid.  Based  on  results 
discussed  in  this  section,  Raman  (or  fluorescent)  scattering  is  a 
useful  analytical  tool  in  water  pollution  studies. 

The  apparatus  for  laboratory  studies  is  basically  the  same  as 
that  described  for  gaseous  measurements.  Samples  are  contained 
in  quartz  tubes  for  90  bulk  scattering,  or  the  air-water  interface 
is  illuminated  and  examined  at  near-normal  incidence.  The  latter 
sampling  method  more  realistically  models  the  situation  involved 
in  remote  sensing.  A  deep  cell  is  used  for  interface  measurements 
so  that  the  transmitted  beam  is  removed  from  the  scattering 
region. 

Remote  measurements  of  water  temperature  are  possible  using 
the  Raman  effect.  Such  remote  temperature  measurements  are 
valuable  for  a  study  of  thermal  water  pollution  using  the  sensing 
techniques  outlined  in  Sec.  I.  Scattering  is  independent  of  the 
surface  emissivity  and  intervening  atmospheric  temperature. 
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Fig.  6     Raman  scattering  spectrum  of  synthetic  sea  water  at   four 

different  temperatures.  Laser  pump  at  20487  cm    '.  v„  indicates  photon 

frequency  fiducial  point  for  comparison  of  spectra. 


These  latter  two  parameters  affect  infrared  radiometer  measure- 
ments of  water  temperature.  Raman  spectra  of  the  principal 
liquid  water  peak  in  a  synthetic  ocean  water  sample  as  a 
function  of  temperature  are  shown  in  Fig.  6.  These  results  are 
similar  to  measurements  in  pure  water  made  by  Walrafen.9  A 
significant  observation  is  that  the  presence  of  ionic  solutes  in 
the  water  does  not  change  the  temperature  dependence  of  the 
spectrum.  By  measuring  the  ratio  of  scattered  intensity  at  the 
two  peaks  (or  at  one  shoulder  and  the  isosbestic8  point  near 
3460  cm  '  shift),  one  has  a  self-calibrating  determination  of 
water  temperature.  This  can  be  measured  at  the  same  time  that 
other  pollutant  aspects  are  measured  by  scattering,  as  discussed 
below.  These  spectra  were  taken  in  bulk  samples  (volume 
scattering),  as  were  Walrafen's,  but  one  expects  identical  results 
from  interface  scattering. 

To  detect  trace  constituents  by  Raman  scattering,  one  must 
suppress  the  liquid  water  spectrum.  In  very  recent  data,  taken 
digitally,  we  have  subtracted  point-by-point  the  pure  water 
spectrum  from  the  polluted  water  spectrum.  Such  difference 
spectra  have  been  run  on  samples  of  water  from  the  Miami, 
Florida  and  Washington,  D.  C.  areas.  These  samples  were 
provided  by  the  National  Ocean  Survey.  The  analysis  has  pro- 
gressed only  far  enough  to  say  that  there  are  significant  differences 
in  the  samples  in  broadband  features  and  in  a  few  sharp  spectral 
features.  For  example,  a  spectral  peak  is  associated  with  ocean 
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Fig.  7     Raman  spectrum  of  an  air  to  gasoline  on  water  interface. 
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for  comparison. 


samples  but  not  with  upper-river  or  NaCI  solution  samples 
More  research  is  required  on  controlled  samples,  but  the 
potential  for  remote  sensing  of  actual  water  pollution  is 
demonstrated. 

Interface  scattering  from  air  to  pure  water  and  from  .111  to 
gasoline  on  water  interfaces  is  sketched  in  Fig.  7.  Details  of  the 
spectrum  arc  not  yet  analyzed.  An  obvious  conclusion  is  that 
there  is  a  significant  difference  in  the  spectra.  The  broadband 
increase  and  some  of  the  enhanced  spectral  peaks  in  the  gasoline- 
on-water  spectrum  are  most  likely  instrumental  scattering  and 
grating  ghost  effects  associated  with  the  increased  on-frcquency 
particulate  scattering  of  the  polluted  interface  Other  spectral 
features  of  the  upper  spectrum  are  due  to  the  presence  of  the 
gasoline  film  on  the  water. 

V.     Conclusions 

Raman  lidar  is  a  potentially  useful  tool  for  remote  sensing 
of  atmospheric  and  water-borne  pollution  distributions  at  least 
in  near-source  concentrations. 

Our  laboratory  studies  of  pollutant  systems  have  provided 
quantitative  cross  sections  for  some  gaseous  pollutants,  and  have 
demonstrated  that  significant  changes  in  cross  section  occur 
with  small  changes  in  pump  frequency.  Proper  selection  of  laser 
pump  is  important  to  optimize  Raman  lidar  systems. 

Studies  of  chemically  and  thermally  polluted  air-water  inter- 
faces have  demonstrated  the  feasibility  of  mapping  water- 
pollutant  distributions  by  Raman  lidar.  Detailed  analysis  of  the 
spectra  is  yet  required  to  evaluate  the  practicality  of  the  schemes. 
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Atmospheric  Water  Vapor  Measurement  by  Raman  Lidar 
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Department  of  Commerce,  Boulder,  Colorado 

Measurements  of  atmospheric  water  vapor  using  the  Raman  backscatter  from  a  pulsed  laser  were  directly 
compared  with  measurements  from  meteorological  instruments  located  on  a  tower.  The  experimental 
conditions  and  precautions  required  in  making  these  observations  in  the  atmosphere  are  discussed. 
The  results  indicate  that  water  vapor  profile  measurement  to  a  range  of  approximately  4  km  is  feasible 
with  the  lidar  used  in  this  experiment. 
Key  Words :  Atmospheric  water  vapor,  Lidar,  Raman  lidar,  Raman  backscatter,  Remote  sensing. 


Introduction 

The  development  of  remote  sensing  methods 
for  the  study  of  man's  geophysical  environment 
offers  a  wealth  of  new  data  and  new  insights  (Derr 
and  Little,  1970).  Remote  sensing  allows  the 
measurement  of  atmospheric  parameters  over 
large  volumes,  in  essentially  real  time,  revealing 
structure  and  dynamics  in  ways  not  possible  with 
in-situ  measurements  (Bean,  1971).  However, 
because  remote  sensing  methods  often  probe 
where  no  independent  measurements  are  possible, 
the  interpretation  of  the  data  and  the  limitations 
of  that  interpretation  must  be  clearly  established 
in  order  to  prevent  erroneous  conclusions. 

Although  the  theoretical  feasibility  of  using 
laser  radar  to  measure  molecular  density  has  been 
established  (Derr  and  Little,  1970),  the  realization 
of  the  method,  in  the  field,  is  not  trivial  because 
of  the  problems  created  by  a  very  small  signal-to- 
noise  ratio,  the  spectral  impurity  of  laser  sources 
having  usefully  high  power,  the  fluorescence  in 
elements  of  the  receiving  system  created  by  the 
on-frequency  return  from  the  atmosphere,  the 
fluorescence  of  atmospheric  constituents  and  the 
interference  of  natural  and  man-made  radiation.1 
The  magnitude  of  the  uncertainty  introduced  is 
such  that,  without  great  care,  the  signal  observed 
in  a  simple  lidar  system  with  a  filter  at  the  H20 
Raman  wavelength  will  probably  not  be  due  to 
the  water  vapor  Raman  backscatter.  Even  after 
achieving  an  observation  of  atmospheric  humid- 


1  The  3654  A  radiation  from  mercury  street  and  road 
lights  falls  very  near  the  N2  Raman  wavelength  (3658  A) 
under  irradiation  from  a  3371  A  laser. 


ity  by  these  methods,  it  is  necessary  to  make  a 
systematic  evaluation  of  the  limitations  in  order 
to  evaluate  the  practicality  of  such  systems  in 
atmospheric  observation.  It  is  the  purpose  of  this 
paper  to  determine  to  what  extent  the  feasibility 
of  the  method  has  been  proven,  to  advise  the 
directions  in  which  improvement  can  be  achieved, 
and  to  present  the  calculations  from  which  the 
ultimate  limitations  can  be  determined. 

Field  measurement  of  water  vapor  profiles 
have  been  performed  by  Melfi  (1969)  and  Cooney 
(1969).  Each  compared  the  normalized  water 
vapor  profile,  as  determined  by  the  Raman  lidar, 
with  the  profile  determined  by  radiosondes  and 
in  addition  (Cooney,  1969),  with  sondes  borne  by 
helicopters.  The  general  agreement  was  excellent, 
but  their  experiments  suffer  from  lack  of  im- 
mediacy; the  water  vapor  profiles  determined  by 
the  lidar  and  by  the  other  methods  were  too  far 
separated  in  space  and  time  to  consider  the 
experiments  conclusive,  although  the  statistical 
confidence  level  was  high.  The  relatively  poor 
accuracy  of  radiosonde  humidity  measurements 
prevents  precise  comparisons,  and  of  greater 
importance,  the  variability  of  the  atmosphere  is 
so  large  that  homogeneity  and  stationarity  can 
not  be  assumed  for  the  distances  and  time  periods 
involved.  Radiosondes  measure  only  instantane- 
ous values  at  the  time  and  place  of  their  ascent. 
It  is  known  now  that  even  the  clear  atmosphere 
is  so  variable  that  extrapolation  of  such  measure- 
ments in  time  and  space  cannot  be  assumed  valid 
(Bean,  1971). 

A  convincing  demonstration  of  the  method, 
shown  in  this  paper,  can  be  obtained  by  examining 
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the  lidar  return  from  an  atmospheric  scattering 
volume  very  near  a  standard  humidity  meter. 
The  close  contiguity  in  space  and  time  will  allow 
both  devices  to  register  changes  in  atmospheric 
water  vapor  whenever  such  changes  are  suf- 
ficiently large  to  be  observed  within  the  signal-to- 
noise  ratio  limitation.  After  calibration,  the 
absolute  atmospheric  water  vapor  content  can  be 
determined  if  mechanical,  optical,  and  electronic 
stability  are  maintained.  In  addition,  this  work 
demonstrates  the  feasibility  of  measuring  the 
fluctuations,  and  hence  the  structure  functions, 
of  atmospheric  water  vapor  by  the  use  of  a  laser 
producing  100  pulses  per  second. 

Raman  Spectra 

The  Raman  spectrum  of  a  molecule  consists  of 
scattered  radiation  at  a  different  frequency  from 
the  irradiating  frequency.  The  frequency  differ- 
ence between  the  incident  radiation  and  the 
scattered  radiation  is  a  fixed,  unique  character- 
istic of  the  molecule  and  can  be  used  to  identify 
the  molecule.  By  using  a  pulsed  laser  and  a  time- 
gated  receiver,  the  density  of  an  atmospheric 
constituent  can  be  determined  as  a  function  of 
position. 

The  integrated  intensity  of  Raman  scattering 
is  dependent  on  the  frequency  of  the  irradiation 
and  on  resonance  denominators  as  shown  by 
Behringer  (Szymanski,  1967) 
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The  intensity  of  the  incident  radiation  (plane 
polarized)  of  frequency  v0  is  I0,  vmn  is  a  vibronic 
transition  frequency,  firn  is  the  transition  moment 
of  the  dipole  moment  operator,  Sr  is  the  damping 
constant  of  state  r,  c  is  the  velocity  of  light,  and 
h  is  Planck's  constant.  When  the  resonance 
denominators  of  am„  are  not  small,  the  intensity 
varies  approximately  as  the  fourth  power  of  the 
output  frequency.  Significant  improvement  can 
be  made  in  signal  power  if  suitable  high  frequency 
tunable  lasers  can  be  developed  and  irradiating 
frequencies  chosen  which  will  make  the  resonance 
denominators   small.    Initial   studies   on   water 
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Fig.  I.  Raman  lidar  system. 

vapor  have  indicated  an  improvement  in  scatter- 
ing cross  section  by  resonance  effects  (Derr  and 
Little,  1970). 

Experimental  Apparatus  and  Procedure 

Measurements  of  atmospheric  water  vapor 
were  made  with  two  independent  instruments,  a 
microwave  refractometer,  and  the  Raman  lidar. 
The  refractometer  was  located  at  the  30.5-m  level 
of  a  meteorological  tower  and  the  laser  beam 
passed  approximately  one  meter  from  the  micro- 
wave cavity.  The  backscattered  laser  signal  was 
observed  from  a  region  approximately  20  cm  in 
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Fig.  2.  Spectrum  of  pulsed  nitrogen  laser. 


283 


diameter  and  5  m  in  length  centered  at  the  height 
of  the  microwave  cavity.  The  length  of  the 
backscattering  region  was  determined  by  the 
geometry  of  the  crossing  of  the  transmitter 
and  receiver  beams. 

The  transmitter  consisted  of  an  Avco-Everett 
model  C950  pulsed  nitrogen  laser,  an  interference 
filter  centered  at  the  transmitter  wavelength 
(337.1  nm)  and  a  75-cm  aperture  cylindrical 
focusing  mirror  located  approximately  10  m  from 
the  transmitter.  The  lidar  arrangement  is  shown 
in  Fig.  1.  The  peak  power  output  of  the  laser  is 
100  kW  with  a  10-ns  pulse  width  and  a  repetition 
rate  of  100  pulses  per  second.  The  power  and 
repetition  rate  provide  signal  returns  that  allow 
electronic  processing  of  analog  signal  levels 
rather  than  oscilloscope  photography  and  photon 
counting.  The  laser  has  provided  excellent  field 
reliability.  It  has  two  disadvantages  for  atmos- 
pheric Raman  scattering  measurements ;  the  beam 
divergence  is  large  (specified  at  2  x  27-miliiradian 
half  angle),  and  the  output  spectrum  contains 
fluorescent  lines  that  can  interfere  with  Raman 
measurements.  The  27-milliradian  beam  diver- 
gence is  partially  corrected  by  the  cylindrical 
mirror  shown  in  Fig.  1 ,  so  that  the  resulting  beam 
pattern  can  be  collimated  with  approximately 
2  x  5  mr  half  angle,  or  as  in  this  experiment, 
focused  at  the  30.5  m  level  of  the  meteorological 
tower  to  a  spot  about  20  x  10  cm.  (This  arrange- 
ment has  disadvantages  for  profile  experiments 
because  coaxial  receiver-transmitter  optics  are 
not  practical.  Coaxial  optics  allow  transmitted 
and  received  beams  to  overlap  even  at  short 
ranges.)  The  output  spectrum  of  the  laser  is 
shown  in  Fig.  2.  The  desired  output  occurs  from  a 
group  of  lines  separated  by  about  0.1  nm  centered 
near  337.1  nm  as  shown  in  the  lower  trace,  The 
upper  trace  shows  the  principal  undesired  out- 
puts. A  photographic  plate,  not  shown,  taken  on 
a  Bausch  and  Lomb  2-m  dual  grating  spectro- 
graph shows  these  spectra  are  the  heads  of 
emission  bands.  The  strongest  of  these  bands 
occurs  at  357.7  nm.  A  backscattered  signal  trace 
using  a  Jarrel-Ash  Model  28-410  spectrometer 
showed  that  this  strongest  emission  gave  an  on- 
frequency  backscattered  signal  from  aerosols 
approximately  equal  to  the  Raman  backscatter 
from  atmospheric  oxygen  when  no  laser  filter 
was  used.  The  undesired  emissions  are  weak  in 
the  wavelength  region  of  the  Raman  water  return 
(384.4  nm),  and  are  adequately  suppressed  by  the 


Fig.  3.  Spectral  response  of  laser  transmission  filter. 

interference  filter  whose  response  is  shown  in 
Fig.  3.  The  transmittance  of  this  filter  is  43 °„ 
at  the  laser  output,  with  less  than  0.1  %  transmit- 
tance in  the  region  of  the  strongest  undesired 
emission.  A  spectrograph  of  the  backscattered 
signal  shows  only  nitrogen,  oxygen,  and  water 
vapor  Raman  spectra  in  addition  to  the  strong 
on-frequency  scattering  when  the  laser  trans- 
mission filter  is  used. 

The  receiver  arrangement  is  also  shown  in 
Fig.  1.  A  70-cm-diameter  spherical  mirror  was 
used  in  an  f/3  Newtonian  telescope.  The  received 
signal  passed  through  an  interference  filter 
centered  at  the  water  vapor  Raman  wavelength 
followed  by  a  laser  blocking  filter.  The  blocking 
filter  is  a  1-cm  path  length  water  solution  (0.2 
gms/liter)of2,7dimethyI-3,6diazacyclohepta-l,6 
diene  perchlorate  (Leonard,  private  communica- 
tion) with  CuS04  (100  gms/liter)  in  a  quartz  vial. 
The  interference  filter  was  placed  in  front  of  the 
laser  blocking  filter  because  it  exhibits  less 
fluorescence  from  the  strong  on-frequency 
return.  The  liquid  blocking  filter  characteristics 
are  shown  in  Fig.  4.  The  CuS04  provides  the 
visible  cutoff  in  the  red  where  both  the  laser 
transmission  filter  and  the  water  vapor  inter- 
ference filter  leak  and  where  the  photomultiplier 
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Fig.  4.  Spectral  response  of  laser  blocking  filter. 


284 


response  is  still  significant.  The  dye  solution 
provides  nearly  total  attenuation  at  the  laser 
output  frequency.  Transmission  at  337.1  nm 
through  this  filter  is  less  than  a  factor  of  10"6.  The 
strong  on-frequency  returns  are  reduced  by  a 
factor  less  than  I09,  and  the  on-frequency  back- 
scatter  from  the  principal  undesired  laser 
emissions  are  reduced  by  a  factor  less  than  10~5 
by  the  combination  of  the  laser  interference  filter 
and  the  two  receiver  filters.  Thus,  except  for  the 
desired  Raman  signals,  the  filter  combination 
provides  blocking  over  the  entire  range  of  the 
RCA  8850  photomultiplier  response.  The  filter 
combination  does  not  provide  adequate  filtering 
for  backscattered  nitrogen  and  oxygen  Raman 
signals.  The  interference  filter  transmittance 
shown  in  Fig.  5  has  a  leakage  of  about  0. 1 5  %  for 


Fig.  5.  Spectral  response  of  water  vapor  transmission 
filter. 


nitrogen  Raman  (365.8  nm)  and  about  0.05%  for 
oxygen  Raman  (355.6  nm)  as  compared  with  a 
peak  transmittance  of  43%.  (The  average  trans- 
mittance at  384.4  nm  is  less  than  43  %  because  the 
center  frequency  of  the  filter  is  not  exactly  384.4 
nm  and  because  of  the  angular  transmittance 
characteristics.  The  transmittance  at  365.8  and 
355.6  nm  is  not  sensitive  to  angle  variations  for 
the  f/3  optics.  The  average  transmittance  of  the 
filter  combination  at  the  water  vapor  Raman 
frequency  is  estimated  at  25%.)  Since  the 
N2/H20  pressure  ratio  for  these  experiments  is 
about  150,  some  N2  Raman  signal  leakage  is 
anticipated.  (See  discussion.)  Subsequent  to 
performing  these  experiments,  a  suitable  filter 
was  found  for  passing  the  H20  Raman  and  reject- 
ing N2  and  02  Raman  signals.  It  consists  of  a 
1-cm  path  of  a  solution  of  Alpha-NPO  (0.2  gm/ 
liter  of  methyl  alcohol). 

The  lidar  electronic  data  processing  system  is 
shown  in  Fig.  6.  The  video  level  from  the  photo- 
multiplier  preamplifier  is  sampled  after  each  pulse 
and  a  voltage  proportional  to  the  peak  signal  level 
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Fig.  6.  Raman  lidar  electronic  data  processing  system. 

during  the  sampling  period  is  held  until  the  next 
pulse.  The  step-like  signal  level  is  smoothed  with 
a  3-second  time  constant  and  recorded  on  one 
channel  of  a  Sanborn  strip  chart  recorder.  This 
type  of  processing  is  useful  for  signals  consisting 
of  1  or  more  photons  received  per  pulse  as  in 
this  experiment.  A  low-frequency  counter  on 
the  sampled  video  level  can  be  used  to  count 
photons  if  the  signal  level  is  less  than  1  photon 
per  pulse. 

The  meteorological  measurements  of  water 
vapor  were  made  using  a  Colorado  Research 
Corp.,  Model  504900  microwave  refractometer,  a 
thermistor  mounted  approximately  5  cm  from 
the  microwave  cavity,  a  Wallace  and  Tiernan 
Model  FA  181  pressure  gauge  located  at  ground 
level,  and  a  psychrometer  located  at  the  30.5-m. 
tower  level.  Thermistor  temperature  and  re- 
fractive index  were  continuously  recorded  with 
a  3-second  time  constant  on  other  channels  of 
the  strip  chart. 

The  experiments  were  conducted  in  November 
1970  at  Gunbarrel  Hill,  about  10  miles  east  of 
Boulder,  Colorado.  The  water  vapor  content 
averaged  4  mb2  (total  pressure  was  approximately 
830  mb).  The  temperature  range  for  these  experi- 
ments was  0-1 5°C.  Dry  bulb  and  wet  bulb 
temperature  were  measured  about  every  30 
minutes.  The  pressure  was  read  at  ground  level 
and  a  30.5-m  altitude  correction  was  made. 
Pressure  was  read  about  every  30  minutes  or 
whenever  a  measurable  (0.1  mb)  pressure  change 
occurred.  Thermistor  temperature  and  micro- 
wave refractive  index  were  continuously  recorded 
with  calibration  checks  about  every  30  minutes. 
The  experiments  were  performed  at  night,  and  the 
background  and  dark  current  were  low  enough  to 
make  the  Poisson  noise  of  the  signal  the  dominant 


1  millibar  =  10J  dyne  cm 
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lidar  system  noise.  The  signal  level  was  continu- 
ously recorded  with  frequent  zero  level  checks 
made  by  blocking  the  transmitter  beam.  The 
background  noise  level,  with  the  laser  beam 
blocked,  was  negligible  shortly  after  sundown. 
The  receiver  and  transmitter  were  aligned 
optically  and  electronically  (range  calibration) 
using  a  fluorescent  target.  The  laser  beam  passed 
the  30.5-m  level  approximately  one  meter  from 
the  microwave  cavity.  An  attempt  to  duplicate 
alignment,  laser  power  settings  and  electronic 
gain  from  night  to  night  was  only  partially 
successful,  because  of  lack  of  electronic  and 
mechanical  stability.  Experiments  were  con- 
ducted during  nights  when  relatively  large 
fluctuations  of  refractive  index  and  Raman 
signals  indicated  that  volumes  of  air  with  varying 
water  vapor  content  were  passing  the  laser 
beam. 

Experimental  Results 

The  experimental  results  were  analyzed  to 
allow  them  to  be  presented  as  a  graph  of  Raman 
signal  level  versus  water  content.  The  meteoro- 
logical equipment  recorded  temperature  (T)  in 
degrees  Kelvin,  microwave  refractive  index3  (TV), 
and  atmospheric  pressure  (P)  in  millibars.  The 
partial  pressure  of  water  vapor  (£)  in  millibars 
can  be  computed  by  (Bean  and  Dutton,  1966) 
Eq.  (1). 

NT2  -  11.6PT 
~  3.75  x  10s  -  5.67"  (  ' 

The  absolute  water  content  must  be  determined 
by  using  the  partial  pressure  of  water  vapor,  the 
total  atmospheric  pressure,  the  temperature,  and 
the  gas  law.  In  the  experiments  reported  the 
absolute  water  content  is  approximately  pro- 
portional to  the  partial  pressure,  since  the 
temperature  and  pressure  variations  average  less 
than2°0. 

In  applying  this  equation,  it  is  necessary  to 
know  the  accuracy  of  the  P,  T,  and  jV  measure- 
ment in  order  to  know  the  accuracy  of  £. 
Temperature  accuracy  is  ±0.2°K;  the  uncertainty 
is  due  mainly  to  strip  chart  reading  and  drift.  The 
thermistor  calibration  was  checked  with  dry  bulb 
temperature  readings  and  the  dry  bulb  ther- 
mometer was  checked  with  an  ice  bath.  The 


pressure  was  read  on  the  ground  and  compensa- 
tion was  made  for  the  30.5-m  elevation  of  the 
cavity.  The  Wallace  and  Tiernan  pressure  gauge 
was  calibrated  with  a  precision  mercury  bar- 
ometer, and  thus  pressure  measurements  were 
accurate  to  -0.2  mb.  The  microwave  refracto- 
meter  was  calibrated  by  using  a  psychrometer 
and  pressure  gauge  to  calculate  A  by  Eq.  ( I ).  The 
A  values  recorded  by  microwave  refractometer 
and  those  calculated  using  psychrometer  and 
pressure  measurements  differed  by  4  -  2  A  units. 
The  uncertainty  arises  not  from  the  refract- 
ometer but  from  variations  in  wet  bulb-dry  bulb 
readings.  Several  psychrometers  were  used  and 
all  exhibited  variations  in  temperature  readings. 
Different  psychrometers  did  not  give  agreement 
in  calculating  A  to  better  than  ±2  A  units.  The 
large  wet  bulb  depression  could  account  for  some 
of  the  variations.  Using  these  uncertainties,  the 
uncertainty  in  £  for  the  average  conditions  for 
this  experiment  can  be  found  from  Eq.  ( 1 )  as  0.42 
mb.  This  uncertainty  can  be  regarded  as  the 
uncertainty  in  the  zero  of  the  scale  for  E.  The 
relative  uncertainty  of  E  values  during  an  experi- 
ment is  less  than  0.42  mb  since  the  changes  in  £do 
not  rely  on  the  psychrometer  data.  The  relative 
uncertainties  are  ±0.2°K,  ±0.2  mb,  and  ±0.2  A' 
units  giving  a  relative  uncertainty  in  £  of  0.04  mb. 
The  uncertainty  in  relative  A  values  is  due 
primarily  to  strip  chart  reading  and  drift.  The 
accuracy  of  the  measurement  of  water  vapor 
fluctuations  is  more  significant  than  the  absolute 
accuracy  in  this  experiment. 

The  signal-to-noise  ratio  of  the  Raman  lidar 
output  is  determined  by  the  signal  statistics.  The 
number  of  Raman  water  vapor  signal  photons 
received  at  the  photomultiplier  output  per 
transmitted  pulse  is  given  by  (neglecting  attenua- 
tion) 


_  NT rjT oH20pHl0LAR7)R 7]q 


where 


J  The  refractive  index  n  is  often  measured  in  "N  units' 
whereA'  =  («-  1)  x  10\ 


NT  =  number   of  photons   transmitted   per 

laser  pulse  (1.7  x  1015), 
r)T  =  transmitter  efficiency  (filter  and  col- 
limating  mirror)  (x  36%), 
°h  o  =  cross  section  of  water  vapor  at  3371  nm 
(*  1.86  x  10"33     m2/steradian)    (Derr 
and  Little,  1970), 
Ph2o  =  density  of  water  molecules  (1.06  x  1023 
m~3  for  E  =  4  mb), 
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L  =  path  length  of  interaction  (5  m), 
AR  =  receiver  aperture  (0.36  m2), 
7)R  =  receiver  efficiency  (s:  20 °„), 
77,  =  detector  quantum  efficiency  (^25°,,), 

and 
r  =  range  (30.4  m). 

The  approximate  signal  photon  count  per 
transmitted  pulse  using  the  estimates  in  parenth- 
eses is  14.  The  expected  signal-to-noise  ratio  for 
a  3-second  integration  time  and  a  pulse  repetition 
rate  of  100  per  second  is  65.  The  actual  signal-to- 
noise  ratio  observed  for  a  typical  experiment  was 
approximately  30  for  the  total  return  signal.4 


RAW      0ATA      SAMPLE 

Fig.  7.  Raman  lidar  data  sample. 

As  exemplified  in  Fig.  7,  the  changes  in  water 
vapor  were  usually  neither  large  nor  frequent  in 
the  dry  Colorado  climate.  In  order  not  to  bias 
the  choice  of  data  points  they  were  chosen  every 
400  seconds  and  also  chosen  more  frequently 
when  large  fluctuations  of  water  content  occurred. 
By  the  latter  choice,  large  changes  were  always 
included,  regardless  of  where  the  data  spaced  by 
400  seconds  fell,  and  the  spaced  data  included 
trends  in  the  data  so  that  possible  instability  of 
optical  and  electronic  equipment  would  be 
detected  by  a  failure  of  correlation  between  the 
refractometer  and  the  lidar  measurements. 
Specifically,  "large"  fluctuations  were  defined  as 
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Fig.  8.  Cross  correlation  of  water  vapor  raman  back- 
scatter  intensity  with  the  water  vapor  as  measured  by  a 
microwave  refractometer. 

changes  exceeding  10",,  of  full  scale.  The  number 
of  points  chosen  by  each  criterion  were  approxi- 
mately equal.  After  selecting  the  data  points,  £ 
was  computed  and  the  relative  Raman  signal 
level  (R)  was  read.  The  data  points  were  plotted 
and  a  least  squares  fitting  of  the  data  to  the 
equation  R  =  SE  +  B  was  made,  where  S  is  the 
slope  and  B  is  the  Raman  signal  intercept  at 
E  =  0.  The  section  of  record  shown  in  Fig.  7 
was  analyzed  by  reading  data  points  every  4 
seconds  (237  points)  and  performing  a  cross 
correlation  of  the  E  and  R  time  records.  This 
correlation  is  shown  in  Fig.  8.  The  peak  correla- 
tion is  0.8  and  falls  to  0.4  at  about  a  1-minute 
delay.  The  decay  time  is  indicative  of  the  scale 
size  of  the  atmospheric  fluctuations  and  of  the 
wind  speed.  Figure  9  shows  the  data  from  one 
night,  and  the  mean  and  rms  deviation  of  the 
experimental  R  values  from  the  calculated  straight 
line  are  listed.  The  positive  intercept  indicates 


J  The  uncertainty  in  the  value  of  the  scattering  cross 
section  can  account  for  the  difference  in  the  measured  and 
calculated  signal-to-noise  ratio. 


"110  3.40  3.70  4.00  4.30  4.60 

EXPERIMENTAL     DATA  POINTS 

Fig.  9.  Relative  raman   backscatter  intensity   versus 
measured  water  vapor  content. 
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Fig,  10.  Composite  data:  relative  raman  backscatter 
intensity  versus  measured  eater  vapor  content. 

that  the  backscattered  signal  does  not  consist 
only  of  H20  Raman.  Most  of  the  extraneous 
signal  is  from  N2  Raman  scattering,  but  a  portion 
of  it  could  be  from  fluorescence.  Variations  in 
laser  power,  gain  settings,  mirror  reflectivity, 
alignment,  etc.  on  different  nights  were  accounted 
for  by  normalizing  the  data  to  a  fixed  slope  (20) 
for  the  straight  line  fit.  The  normalized  intercept 
varied  for  different  nights.  The  N2  Raman  signal 
would  contribute  an  approximately  constant 
normalized  intercept.  The  variations  of  the  inter- 
cept arise  from  two  factors:  (1)  during  any  single 
night,  the  variation  of  H20  was  limited  to 
approximately  1  mb  so  the  accuracy  of  the 
intercept  determined  from  a  single  experiment  is 
low  and  (2)  variations  in  fluorescence  will  cause 
a  varying  extraneous  signal.  Fluorescent  signals 
can  be  caused  by  pollutant  molecules,  aerosols, 
or  from  a  very  small  backscattered  signal  from 
structural  supports  near  the  microwave  cavity. 
The  data  from  each  night  were  normalized  to 
make  the  equation  of  the  fitted  straight  line  have 
a  slope  of  20,  and  zero  intercept.  Composite  data 
from  10  different  nights  are  shown  in  Fig.  10. 
Experiments  in  which  the  total  range  of  water 
vapor  variations  was  less  than  0.5  mb  were  not 
included. 

Discussion 

In  examining  the  data  it  is  important  to 
remember  that  the  Raman  lidar  is  observing 
backscatter    from    a    column    of    atmosphere 


approximately  20  cm  in  diameter  and  5  m  in 
length  whereas  the  refractometer  measurement  of 
water  vapor  is  from  an  A'-band  microwave  cavity 
and  point  measurement  of  temperature.  Perfect 
correlation  is  not  expected  because  the  instru- 
ments are  observing  changing  conditions  in  the 
atmosphere  and  the  lidar  is  observing  a  column  of 
air  while  the  refractometer  measurements,  by 
comparison,  are  nearly  point  measurements.  The 
average  total  time  represented  by  the  data  points 
for  a  single  experiment  is  approximately  2  hours. 
A  better  correlation  would  be  expected  if  only 
data  points  representing  changes  of  water  vapor 
with  scales  much  larger  than  the  lidar  observation 
volume  were  plotted.  Changes  of  this  type  do  not 
occur  sufficiently  often  to  perform  the  experiment 
in  this  manner.  The  expected  correlation  between 
measurements  taken  with  a  volume  sensor  and 
those  taken  with  a  point  sensor  will  depend  on  the 
dimensions  of  the  volume  observed  by  the  volume 
sensor,  the  inner  and  outer  scales  of  turbulence 
and  the  wind  velocity.  It  should  also  be  noted  that 
these  experiments  were  conducted  in  relatively 
dry  air  (£=  1.7-6  mb)  which  reduces  the  SIN 
ratio  and  accentuates  any  signal  variations  not 
arising  from  water  vapor. 

The  average  value  of  the  signals  that  are  not 
backscattered  from  H20  can  be  attributed  to  N2 
Raman  backscatter.  As  discussed  earlier,  the 
most  likely  cause  of  extraneous  signal  in  this 
experiment  is  due  to  Raman  nitrogen  backscatter 
leaking  through  the  receiver  interference  filter. 
The  average  N2  pressure  is  approximately  644  mb 
and  the  N2/H20  transmittance  ratio  is  approxi- 
mately 1 65.  5  is  the  Raman  signal  level  per  mb  of 
H20  and  if  the  N2  and  H20  cross  sections  are 
equal  at  337.1  nm,  an  intercept  of  644/165  would 
be  anticipated.  The  average  intercept  from  the 
computed  straight  line  fits  is  1.26  5.  These 
experiments  lead  to  the  conclusion  that  the 
H20/N2  cross  section  at  337.1  nm  is  approxi- 
mately 3.  This  ratio  was  estimated  by  Cooney 
(1969)  as  5  using  a  doubled  ruby  laser  transmitter. 

The  effect  of  leakage  of  the  Raman  scattering 
of  N2  through  the  H20  interference  filter  can  be 
eliminated  by  simple  filtering.  However  the 
fluorescence  of  aerosols  or  pollutant  molecules  at 
or  near  the  Raman  wavelength  is  more  serious 
since  it  can  not  be  easily  separated  from  the 
desired  Raman  signal.  Fluorescent  backscatter 
from  molecules  or  aerosols  exactly  at  the  Raman 
wavelength  would  be  indistinguishable  from  the 
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desired  Raman  signal  and  contribute  an  un- 
certainty to  the  measurements.  Fluorescence  at 
the  Raman  wavelength  was  not  found  in  this 
experiment  (conducted  in  a  rural  environment) 
but  may  be  a  problem  in  urban  areas.  The  Raman 
line  width  is  much  narrower  than  presently 
available  filter  bandwidths  so  that  improved 
filters  will  assist  in  removing  extraneous  signals 
from  all  causes.  Compensation  for  broadband 
interference  can  be  made  by  monitoring  the  back- 
scatter  in  a  wavelength  region  slightly  removed 
from  the  Raman  wavelength. 

Although  in  the  present  experiment  only  a 
single  atmospheric  region  was  probed,  this 
equipment  can  be  expanded  to  perform  average 
H20  N2  profile  measurements  by  the  addition  of 
sequentially  delayed  sampling  gates.  Transmitter- 
receiver  alignment,  beam  overlap,  aerosol  attenu- 
ation and  1  r2  attenuation  could  be  programmed 
into  the  gates  to  give  a  straight  line  profile  for  N2 
Raman  return.  The  H20  profile  would  then  be 
observed  directly  by  substituting  the  appropriate 
interference  filter.  Using  the  measured  values 
obtained  in  this  experiment  for  signal  returns, 
50-meter  range  resolution,  a  5-minute  observa- 
tion time,  a  constant  H20/N2  mixing  ratio,  50°o 
relative  humidity  and  20°C,  the  maximum 
altitude  for  observation  of  the  H:0/N2  ratio  with 
a  SjN  ratio  of  10  (at  night)  would  be  4.25  km. 
Improved  filters  and  a  more  powerful  transmitter 
with  better  collimation  are  obvious  ways  to 
extend  the  range  capability.  Daylight  operation 
of  Raman  lidars  probing  the  atmosphere  to  useful 
ranges  will  be  possible  with  laser  transmitters 
operating  at  wavelengths  where  ozone  attenu- 
ation essentially  eliminates  solar  background 
noise  (less  than  2900  nm).  Such  operation  would 
be  confined  to  the  lower  atmosphere  where  the 
ambient  ozone  absorption  would  not  substan- 
tially interfere  with  the  laser  propagation. 

This  experiment  demonstrates  the  need  for 
highly  critical  feasibility  evaluations  of  remote 
sensing  methods  to  determine  their  potentialities 
and  limitations.  After  initial  design  and  con- 
struction   of   the    instrumentation,    only    poor 


correlation  could  be  obtained  between  the  Raman 
lidar  signal  and  the  microwave  refractometer 
measurement  of  H20.  Investigation  showed  that 
the  cause  of  the  poor  correlation  was  the  strong 
fluctuating  signals  caused  by  the  fluorescence  of 
the  interference  filter  under  irradiation  by  on- 
frequency  returns  from  aerosols.  Background 
fluorescence  from  the  dust  on  the  mirror  and  from 
the  black  paint  of  the  telescope  were  also  trouble- 
some. Difficulties  such  as  these  can  be  observed 
and  corrected  best  by  a  direct  comparison  of 
remote  sensing  techniques  with  intrumenls 
whose  validity  has  been  previously  established. 
These  problems  were  corrected  to  produce  the 
excellent  agreement  shown  in  Fig.  10  by  utilizing 
the  optical  arrangement  shown  in  Fig.  1. 

An  effective  tool  for  the  measurement  of 
humidity  as  a  function  of  position,  over  large 
volumes,  in  almost  real  time,  has  been  proven 
feasible.  The  present  apparatus  is  now  being 
developed  for  profile  measurements. 
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Application  of  Backus-Gilbert  Inversion  Technique 
to  Determination  of  Aerosol  Size  Distributions  from 
Optical  Scattering  Measurements 


E.  R.  Westwater  and  A.  Cohen 


The  inversion  technique  of  Backus  and  Gilbert  is  applied  to  the  determination  of  size  distributions  of 
spherical  particles  from  optical  scattering  measurements.  The  spatial  resolution  inherent  in  a  set  of 
multiwavelength  measurements  is  studied  as  a  function  of  number  of  measurements,  measurement  noise 
level,  and  radius.  The  inversion  technique  is  then  applied  to  computer  simulated  intensity  data  to  re- 
cover size  distributions.  These  examples  indicate  that  the  distribution  can  be  recovered  at  selected 
points  without  using  a  priori  assumptions  about  the  shape  of  the  distribution. 


I.     Introduction 

Light  scattering  (and  extinction)  measurements  in 
the  atmosphere  polluted  with  particulate  matter 
(aerosols)  depend  on  the  physical  properties  of  the 
specific  aerosol.  Such  measurements  can  thus  pro- 
vide an  indirect  way  of  inferring  these  properties.  In 
general,  the  properties  can  be  divided  into  two  cate- 
gories: 

(1)  Properties  that  appear  as  parameters  in  the 
exact  theoretical  scattering  functions:  sizes  of 
spherical  aerosols,  (low)  number  densities,  relative 
indices  of  refraction,  etc.; 

(2)  Properties  that  involve  an  approximation  in 
the  theoretical  scattering  functions:  nonspherical 
shapes,  orientations  in  respect  to  the  scattering 
plane,  high  number  densities  (=  multiple  scatter- 
ing), etc. 

The  theory  for  any  inversion  method  is  based  upon 
the  assumption  that  the  scattering  functions  are 
known  for  each  particle  size  and  for  each  wave- 
length, scattering  angle  (<b),  and  polarization.  As  a 
consequence,  most  of  the  theoretical  work  dealing 
with  the  inversion  problem  introduces  the  following 
approximations: 

(1)  The  particles  are  either  spherical  or  can  be 
considered  as  being  spherical  with  respect  to  their 
scattering  properties.  A  limited  number  of  experi- 
ments have  indicated  this  assumption  is  valid  for 
unpolarized  light  over  a  restricted  range  of  scattering 
angles.1'2 
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(2)  The  scattering  from  most  aerosols  is  mainly 
( >90%)  single  scattering  (excluding  water  and  ice 
clouds). 

Although  these  two  approximations  reduce  the 
number  of  the  aerosol  parameters  considerably,  the 
scattering  intensity  /  is  still  a  function  of  several  pos- 
sible variables,  e.g.,  size  distribution,  refractive 
index,  etc. 

One  of  the  first  widely  used  approaches  of  relating 
scattering  information  to  aerosol  properties  was  to 
calculate  /  values  for  a  number  of  atmospheric  aero- 
sol models3"5  and  compare  the  results  with  the  scat- 
tering measurements.6  This  method  is  limited  in  its 
applicability  whenever  the  real  atmosphere  is  of  con- 
cern, and  other  inversion  methods  were  devel- 
oped.7 10  Most  of  such  new  inversion  methods  in- 
volve the  following  assumptions: 

(1)  The  index  of  refraction  is  known  and  unique. 
This  assumption  suggests  that  all  particles  may  dif- 
fer from  one  to  another  only  in  respect  to  their  radii. 

(2)  A  best  fit  to  one  of  the  suggested  possible  size 
distribution  functions  should  be  the  target  of  the  in- 
version procedure,  or  in  some  cases9  a  close  resem- 
blance to  an  initial  guess  of  the  particle  size  spec- 
trum. 

The  technique  used  in  this  paper  does  not  require 
a  trial  distribution  or  an  initial  guess  to  achieve  re- 
sults. Instead,  it  determines  quantitatively  both  the 
resolution  obtainable  at  an  arbitrary  point  from  a 
given  set  of  measurements  and  the  accuracy  achieva- 
ble from  the  measurements  as  a  function  of  noise 
level.  Below  we  summarize  the  main  features  of  the 
Backus-Gilbert11  inversion  procedure  and,  after  a 
discussion  of  the  relevant  weighting  functions  for 
scattering,  apply  the  technique  to  the  particle  size 
distribution  inversion  problem. 
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II.    Summary  of  the  Backus-Gilbert  Inversion 
Technique 


Linear  inverse  problems  frequently  reduce  to  infer- 
ring properties  of /(r)  from  the  integral  equation 


•■  ■  J> 


ir)fir)dr.  7  =  1.  2. 


(1) 


where  g,  is  the  result  of  the  ith  of  n  physical  mea- 
surements, and  K,(r)  is  the  known  weighting  func- 
tion at  radius  r.  In  general,  g,  is  measured  with  an 
error  <,.  We  assume  the  errors  are  distributed  with 
mean  zero  and  a  known  covariance  matrix  6',  given 
bv 


S,  =  E|«'| 


(2) 


where  E  is  the  expected  value  operator  over  the  joint 
probability  density  of  errors  <  =  [u.  <2,  ■■  •  ,  tn\l  ■ 
The  superscript  T  represents  matrix  transposition. 

Below,  we  summarize  basic  equations  and  ideas 
developed  by  Backus  and  Gilbert11  in  solving  Eq.  (1) 
that  are  later  applied  to  remote  sensing  of  size  distri- 
butions. 

Weighted  linear  averages  of  a  function  fir)  over  a 
region  (a,b)  are  formed  by 

if,  A)  =    f  A(r)f(r)dr,  (3) 

where  the  unimodular  averaging  kernel  Air)  satisfies 

h 

A(r)dr  =  1.  (4) 


/ 


The  Backus-Gilbert  technique  constructs  averaging 
kernels  with  properties  suitable  for  an  inversion  algo- 
rithm. The  averaging  kernels  can  be  formed  as  a 
linear  combination  of  the  weighting  functions  K,{r) 
as 


Air)  =  Y,a,K,(r 


(5) 


The  average  given  by  Eq.  (3)  can  be  considered  as 
representative  of  the  local  value  of  /at  r0  if  A  is  large 
around  this  point  and  small  elsewhere,  i.e.,  if  Air)  ~ 
r)(r  -  r0).  where  hir)  is  the  Dirac  delta  function.  We 
can  thus  choose  a,  =  a,iro)  to  best  approximate  the 
delta  function  (in  the  mean  square  sense) 


.o(a)  =    f  [Air)  -  Mr  -  r0)]*dr 

=  min 
and  determine  the  local  average  of/ 

(/"(/■)>/■„  =    f  Air,,.  r)f(r)dr 
=  £>,<r0)g„ 


(6) 


(7) 


A  somewhat  more  useful  quantity  to  minimize  is  the 
spread  s(r0). 


siru)  =  1 

=   a'.S'a, 


2 fir  -  ,•„»■• 


A-(r)dr.  (8) 

(<)) 


where  matrix  elements  of  8  are  given  by 


5,j  =   12  T  (r  -   ru)-K 


ir)K,ir)dr 


and 


(10) 


(in 


The  spread  is  normalized  such  that  a  rectangular 
averaging  kernel  centered  at  r0  with  width  =  /  and 
height  =  l~y  has  s(r0)  =  /.  Minimizing  either  Eq. 
(6)  or  Eq.  (8)  yields  values  of  a  that  can  be  used  in 
the  inversion  algorithm  Eq.  (7).  In  addition,  the 
spread  sir0)  can  be  used  to  express  the  amount  of 
resolution  inherent  in  the  set  of  weighting  functions 
Kt. 

In  addition  to  resolution,  it  is  necessary  to  consid- 
er the  effect  of  errors  in  g,  on  the  error  in  (fir))r0.  The 
variance  of 

(/(r)>ro,  V[(f(r))r„]  is  given  by  V[</(r))r0]  =  a'S.a.  (12) 

As  is  shown  in  Backus-Gilbert,  improvement  in  ac- 
curacy (reduction  in  variance)  is  achieved  only  by 
degrading  the  resolution  (increasing  the  spread),  and 
for  any  physical  problem  some  compromise  between 
these  quantities  must  be  made.  This  compromise 
can  be  specified  by  choosing  a  point  on  a  trade-off 
curve  between  error  variance  and  resolution.  If 
we  parametize  this  curve  by  0,  where  0  <  0  <  jt/2, 
the  Backus-Gilbert  inversion  equations  are 


%i0)  "  [u'WiB)    uTWiO)    u 


where 


and 


(u),  =  JV 


(r)dr. 


Wi8)  =  S  costi   +   wS,  sin0. 


(13) 


(14) 


(15) 


and  u>  is  an  arbitrary  numerical  constant. 

Note  that  0=0  yields  the  minimum  spread  (maxi- 
mum variance)  solution,  while  ()  =  7r/2  yields  the  op- 
posite extreme  of  minimum  variance  (maximum 
spread).  Also,  the  minimum  variance  solution  is  in- 
dependent of  ro.  A  convenient  choice  of  w  is  such 
that  S'  and  wS,  will  be  of  comparable  numerical  size. 
In  a  practical  problem,  an  entire  trade-off  curve 
should  be  drawn  from  which  an  appropriate  choice  of 
0  is  selected. 

In  addition  to  immediate  application  to  inversion 
of  data,  the  Backus-Gilbert  technique  can  be  applied 
to  a  variety  of  considerations  relevant  to  experimen- 
tal design.  Among  these  are:  (1)  what  is  the  effect 
of  measurement  error  on  resolution?  (2)  what  is  the 
effect  on  the  resolution  when  the  number  of  mea- 
surements is  increased? 
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In  the  following  sections,  we  apply  the  Backus-Gil- 
bert formalism  to  these  questions  that  arise  in  re- 
mote inference  of  size  distributions. 

III.    Optical  Weighting  Functions 

We  shall  now  examine  briefly  the  behavior  of  the 
kernel  of  the  integral  equation  (1),  namely,  the  Mie 
scattering  intensities  (MSI)  as  a  function  of  the  pa- 
rameters radius  r,  wavelength  X,  scattering  angle  <j>, 
refractive  index  m,  and  polarization  P.  The  main 
characteristics  of  the  dependence  on  the  size-param- 
eter a  =  2wr/\  are  the  nonmonotonic  fluctuations  of 
the  scattering  intensity  as  a  function  of  the  aerosol 
size;  for  example,  three  periodicities  can  be  found12, 
13:  ~  0.8 -a,  ~2(m  -  1)  •  a,  and  0.277  •  a.  When 
calculating  the  intensity,  for  an  «,  the  number  of 
maxima  (or  minima)  is  dependent  on  the  sampling 
interval  A«  used  in  the  computation.  For  example, 
when  Art  =  0.1  the  MSI  curve  for  m  =  1.33,  <p  =  90°, 
and  30.0  <  a  <  60.0  contains  89  pairs  of  extremum  a 
values  vs  131  pairs,  when  A«  =  0.01.  These  results 
illustrate  that  caution  should  be  exercised  when 
choosing  an  appropriate  sampling  interval.  This 
choice  should  depend  on  the  wavelength  or  angular 
resolution  of  the  measuring  system,  as  well  as  on 
some  physical  assumptions  on  the  distribution  of  the 
particles  sizes.  For  example,  to  determine  particle 
radii  to  1%,  say  r  =  1.0  ±  0.005  nm,  the  use  of  a 
common  dye  laser  near  X  =  0.6  ^m  and  AX  <  0.1  nm 
for  the  scattering  measurement  will  make  the  use  of 
Aw  steps  smaller  than  0.1  unnecessary  (in  this  exam- 
ple, 10.42  <  a  <  10.52).  This  is  based  on  the  as- 
sumption that  the  MSI  curves  calculated  for  well  de- 
fined «  values  in  steps  of  A«  =  0.1  represent  to  a 


good  approximation  the  MSI  curves  of  the  scattering 
values  averaged  over  a  range  of  A«  =  0.1. 

An  experimental  measurement  of  the  MSI's  as  a 
function  of  wavelength  performed  by  one  of  us14  pro- 
vides additional  evidence  to  the  validity  of  the  above 
assumption,  as  well  as  a  verification  for  the  applica- 
bility of  the  Mie  scattering  theory  to  real  spheres. 
Another  result  of  this  laboratory  experiment  is  the 
sensitivity  of  the  MSI  to  small  variations  of  the  re- 
fractive index.  It  is  shown  by  comparing  the  experi- 
mental Mie  curve  for  a  wavelength  range  of  30  nm 
(441  nm  <  X  <  471  nm)  and  monosized  scattering 
particles  of  r  =  2.956  ^m  (in  one  of  the  experiments), 
to  the  MSI  computed  curve,  a  shift  in  the  positions 
of  the  maxima  and  minima  is  obtained  (with  respect 
to  «  values)  when  an  average  refractive  index  is  as- 
sumed for  the  whole  wavelength  range.  In  Fig.  1  an 
example  of  this  effect  can  be  seen  by  comparing  the 
MSI  curve  obtained  for  r  =  4.5  nm  and  m  =  1.33  in 
the  visible  range  with  the  one  calculated  for  m  = 
f(X).  For  specific  a  values  the  ratio  of  the  two  MSI 
values  \I(m  =  1.33)//[m  =  /(X)]|  can  reach  a  value  of 
100  or  more,  but  since  the  method  of  inversion 
yields  the  number  density  of  particles  for  a  range  of 
r,  the  effect  of  small  variations  of  the  refractive  index 
is  reduced,  but  not  negligible.  Thus,  in  calculating 
the  MSI's  for  different  wavelengths  the  refractive 
index  dispersion  effect  should  be  taken  into  account. 

The  MSI's  show  also  nonmonotonic  fluctuations  as 
a  function  of  the  scattering  angle  0  with  an  increas- 
ing number  of  fluctuations  for  a  range  of  </>  as  a  in- 
creases. The  main  characteristics  of  the  dependence 
on  the  scattering  angle  is  the  much  stronger  forward 
scattering  efficiency  as  compared  with  other  scatter- 


r  =   4.5   Mm 


r  =   2.5   um 


_L_ 

500.0 


600.0 
Wavelength    (nm) 
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500.0  600.0 

Wavelength  (nm) 
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Fig.  1.     MSI  curves  at  radii  of  4.5  ^m  and  2.5  ^m  form  =  1.33  and  m  =  /(X).    i(n)  is  the  scattering  intensity  of  the  component  normal  to  the 
scattering  plane,  for  a  scattering  angle  of  90°.    H — m  =  1.33;  0 — m  =/U). 
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weighting   functions  for   probing    the   size    distribution   of   spherical   particles 


Fig.  2      Weighting  functions  for 

multispectral    90°    scattering    in 

relative  units. 


ing  angles.  The  minimal  scattering  efficiency  is  ob- 
tained near  4>  ~  90°.  Since  the  variations  of  intensi- 
ty with  scattering  angle  also  contain  information  on 
the  size  distribution8  it  is  important  to  note  that  the 
method  of  inversion  described  here  can  be  applied  to 
scattering  measurements  with  an  arbitrary  combina- 
tion of  scattering  angle  and  wavelength.  Since  the 
MSI's  can  also  be  separated  into  the  four  Stokes  pa- 
rameters, additional  information  can  be  achieved  by 
polarization  measurements,  for  which  weighting 
functions  can  be  calculated. 

Note  that  extinction  measurements  can  also  be  in- 
verted using  the  Backus-Gilbert  method,  but  since 
extinction  processes  involve  scattering  in  all  angles 
(and  absorption)  the  resulting  extinction  curves  as  a 
function  of  a  show  less  fluctuations  (relative  ampli- 
tude and  frequency)  than  the  corresponding  scatter- 
ing curve.  This  suggests  that  the  extinction  mea- 
surements in  different  wavelengths  are  less  indepen- 
dent than  those  obtained  by  scattering  measure- 
ments. 

In  the  following  sections  we  study  inversion  of 
multiwavelength  scattering  measurements  to  deter- 
mine size  distributions.  This  example  supplements 
an  experiment  being  done  by  one  of  us  (AC)  and 
provides  a  new  application  of  the  Backus-Gilbert 
technique. 

IV.    Averaging  Kernel  Calculations 

In  addition  to  the  assumptions  mentioned  above, 
the  feasibility  of  remote  sensing  of  size  distributions 
depends  on   the  spatial  resolution   inherent   in  the 


measurements  and  of  the  effect  of  experimental  er- 
rors on  this  resolution.  Numerical  examples  are 
given  below  to  illustrate  the  applicability  of  the  Bac- 
kus-Gilbert technique  to  studies  of  these  questions. 

A  basic  set  of  twenty-one  weighting  functions  rep- 
resenting 90°  scattering  was  chosen  over  the  wave- 
length interval  400-700  nm  in  steps  of  15  nm,  and 
the  size  range  0.5-1.0  ^m.  The  refractive  index  was 
m  =  /(A)  (~1.33)  as  discussed  in  Sec.  III.  Typical 
examples  of  the  weighting  functions  are  shown  in 
Fig.  2.  The  MSI  of  all  functions  was  expressed  in 
the  same  relative  units.  This  was  achieved  by 
multiplying  all  intensity  values  (calculated  as  a 
function  of  the  size  parameter  a)  by  the  correspond- 
ing A2.  The  other  constants  determining  the  abso- 
lute scattering  irradiances  are  common  to  all  wave- 
lengths. For  a  given  size  range,  decreasing  the 
wavelength  increases  the  fluctuations  in  the  weight- 
ing functions;  conversely,  increasing  the  size  range 
increases  the  number  of  maxima  and  minima  for  all 
wavelengths.  As  discussed  in  Sec.  II,  the  Backus- 
Gilbert  inversion  method  constructs  an  approxima- 
tion to  a  delta  function  at  r0  from  a  linear  combina- 
tion of  weighting  functions.  This  construction  will 
be  successful  only  if  enough  independent  measure- 
ments are  available  to  allow  cancellation  except  at 
radii  near  r0.  Intuitively,  this  number  will  be  some- 
what higher  than  the  number  of  oscillations  that  the 
weighting  functions  exhibit  over  the  size  range  of 
particles.  To  illustrate  the  Backus-Gilbert  tech- 
nique, we  restricted  the  size  distribution  to  0.5  ^m  < 
r   <    1.0  ^m.     For  a  larger  interval,   both  a  larger 
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number  of  measurements  and  a  larger  wavelength 
interval  are  necessary  to  construct  adequate  averag- 
ing kernels. 

Averaging  kernels  were  constructed  from  the  set  of 
twenty-one  weighting  functions  using  Eq.  (5).  The 
coefficients  a,  =  a,(ro)  were  determined  by  minimiz- 
ing the  spread  s{r0)  given  by  Eq.  (8).  Each  of  the 
elements  of  the  spread  tensor  Su  was  calculated  by 
integration  with  Simpson's  rule  using  751  points. 
The  results  are  shown  for  a  variety  of  radii  ro  in  Fig. 
3.  As  would  be  expected  from  the  increasing  contri- 
bution to  the  weighting  functions  at  larger  radii,  the 
averaging  kernels  generally  show  better  resolution  at 
larger  r0.  Table  I  shows  minimum  spreads  for  sever- 
al choices  of  radii  ro. 

In  general,  because  of  the  oscillatory  nature  of  the 
weighting  functions,  the  spread  s(r0)  may  be  a  fairly 
sensitive  function  of  r0.  An  example  of  this  sensitiv- 
ity is  shown  by  the  averaging  kernels  at  0.95  ^m  and 
0.975  txm.  The  function  at  0.95  ^m  is  a  rather  poor 
averaging  kernel,  while  the  one  at  0.975  ^m  has  a 
much  smaller  spread.  Thus,  in  inferring  a  smooth 
distribution  from  a  set  of  point  inversions,  it  might 
be  possible  to  infer  the  entire  curve  from  a  few  well- 
chosen  points.  Attempts  to  construct  delta  func- 
tions at  r0  =  0.90  ^m  were  also  made  with  seven, 
fourteen,  and  twenty-one  weighting  functions. 
Averaging  kernels  constructed  from  seven  weighting 
functions  bore  little  resemblance  to  the  desired  func- 
tion. With  fourteen  wavelengths,  the  approximation 
was  better  with  »m„,  =  3.6  x  10" »  fim  (72%  of 
the  interval).  The  addition  of  seven  more  weighting 
functions  resulted  in  smil1  =  8.9  X  10  *  ^m  (18%  of 
the  interval).  The  results  obtained  with  any  subset 
of  the  twenty-one  measurements  will  depend  on  the 
particular  elements  of  the  subset  as  well  as  the  total 
number  of  elements.  Here  we  chose  the  first  seven, 
the  first  fourteen,  etc.,  without  making  any  attempt 
to  determine  an  optimum  subset.  The  degradation 
of  resolution  by  experimental  error  was  also  simulat- 
ed for  these  measurements.  A  covariance  matrix  of 
the  form  S,  =  a,2I  was  assumed  (/  is  the  identity 
matrix).  The  choice  of  a,2  corresponded  to  errors  in 
the  integral  of  the  product  of  assumed  size  distribu- 
tions (see  Sec.  V)  with  the  weighting  functions  of, 
roughly  1%.  Figure  4  shows  averaging  kernels  at  ro 
=  0.9  ^m  for  fourteen  and  twenty-one  measure- 
ments. The  two  curves  on  the  left  correspond  to 
minimum  spread  and  maximum  error  in  (f(r))rQ. 
The  two  curves  on  the  right  correspond  to  another 
point  on  the  trade-off  curve  in  which  resolution  is 
degraded  to  achieve  better  accuracy.  Typical  trade- 
off curves  at  r0  =  0.9  ^m  are  shown  in  Fig.  5  for  four- 
teen and  twenty-one  measurements.  Each  of  the 
curves  corresponds  to  an  error  covariance  matrix  of 
the  form  6',  =  a,2l.  Several  features  of  these  curves 
should  be  noted:  the  minimum  spread  smin  is,  of 
course,  independent  of  measurement  error.  How- 
ever, the  error  associated  with  smin  is  directly  pro- 
portional to  a,  (if  S,  =<T,2/).  Although,  the  mini- 
mum spread  is  four  times  smaller  in  the  twenty-one 


measurement  case,  the  associated  error  is  roughly  10 
times  larger. 

As  suggested  by  Backus  and  Gilbert,11  it  is  usually 
desirable  to  work  away  from  the  extremes  of  the 
trade-off  curves,  so  that  large  sacrifices  in  error  or 
spread  are  avoided.  This  is  particularly  true  when 
narrow  resolution  is  obtainable,  as  in  the  twenty-one 
measurement  case.  The  units  on  these  curves  need 
discussion.  The  relative  error  in  inferring  the  size 
distribution  function  [i.e.,  relative  error  =  (a'S'.a)1  2 
/</(r))r0]  depends  somewhat  on  the  distribution  it- 
self. For  the  size  distributions  I,  II,  and  III  dis- 
cussed in  the  next  section,  the  units  on  the  curves 
are  such  that  multiplying  the  abscissas'  value  by  7.8, 
11.9,  and  8.5  gives  the  percentage  error  in  the  size 
distribution  function  at  r0  =  0.9  ^m  for  distributions 
I,  II,  and  III.  Thus,  with  1%  measurement  error, 
about  10%  error  in  the  distribution  function  is  ob- 
tained with  n  =a  9.6  x  10  2-fim  resolution.  In  addi- 
tion, the  difference  between  (f(r))ro  and  /(r0)  also 
depends  on  the  distribution  because  of  the  side  lobes 
of  A(r0,r). 

The  achievable  spread,  for  a  given  set  of  measure- 
ments, is  quite  sensitive  to  the  assumed  upper  range 
of  particle  radius.  Figure  6  shows  averaging  kernels 
at  ro   =   0.75  ^m  constructed  over  the  0.5-1.0-^m 


10  20 

Relative  Error 

Fig.  5.  Error-spread  trade-off  curves  for  fourteen  and  twenty-one 
measurements.  The  units  are  such  that  multiplying  the  abscis- 
sas' value  by  7.8,  11.9,  and  8.5  gives  the  percentage  error  in  inter- 
ring the  size  distribution  at  ro  =  0.9  iim  for  distributions  I.  II.  and 
III  of  Sec.  IV.  The  curves  are  labeled  with  the  assumed  measure- 
ment errors. 
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Averaging  Kernel  (/Am"') 


Fig.   6.     Averaging   kernels  at  r0   =   0.75  ^m  constructed   from 

twenty-one  weighting  functions  over  the  range  0.5-1.0  ^m  and 

0.5-0.77  ^m. 


interval  and  the  0.5-0.77-//m  interval.  The  sharp- 
ness obtained  in  the  smaller  range  is  striking  and  oc- 
curs because  of  the  elimination  of  the  relatively 
higher  amplitude  oscillations  above  0.77  /im.  Note 
the  change  in  abscissa  values  which  now  range  from 
minimum  to  maximum  value  of  averaging  kernel. 

The  number  of  particles  in  a  given  interval  can 
also  be  directly  inferred  using  a  slight  extension  of 
the  Backus-Gilbert  technique.  Supose  that  instead 
of  a  delta  function,  we  approximate  some  other 
unimodular  function,  say  F(r),  as  a  linear  combina- 
tion of  weighting  functions  Ki(r): 

F(r)  =  £K,(r)ar 

If  we  choose  a  mean  square  error  as  our  norm,  we 
choose  coefficients  a,  which  minimize 


r 


[F(r)  -  F(r)]2dr 

subject  to  the  constraint 

J    F(r)dr  =   1. 

An  example  of  this  type  of  approximation  is  shown 
in  Fig.  7  in  which  a  rectangular  function  of  total 
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width  0.1  nm  centered  at  0.75  jum  is  approximated 
by  a  linear  combination  of  twenty-one  measure- 
ments. An  obvious  extension  of  this  technique  al- 
lows a  direct  inference  of  the  total  number  of  parti- 
cles over  all  sizes. 

IV.    Inversion  of  Simulated  Data 

Three  distributions  were  chosen  to  check  the  re- 
sults of  Sec.  Ill  using  simulated  measurements.    The 


Averaging  Kernel    (/j.m"') 


Fig.  7.     Approximation  of  rectangular  function  at  0.75  /im  with 

total  width    =   0.1   nm   by  a   linear  combination  of  twenty-one 

weighting  functions. 


C      1.0 


■B    0  95 


500  550  600 

Wavelength  (nm) 

Fig.  8.     Scattering  intensities  relative  to  I  (X  =  550  nm)  for  dis- 
tributions I,  II,  and  ill.    The  lines  drawn  between  points  are  not 
meant  to  suggest  values  for  intermediate  points. 
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first  distribution  (distribution  I)  represents  a  haze  or 
a  fog  having  a  sharp  distribution  function  similar  to 
that  reported  by  Mason.15  The  second  distribution 
(distribution  II)  assumes  a  constant  number  of  parti- 
cles for  the  entire  range.  As  will  be  seen  the  accura- 
cy achieved  for  the  inversion  of  such  a  distribution  is 
very  high.  Distribution  II  is  therefore  a  measure  (or 
rather  a  check)  for  the  theoretical  results  calculated 
for  various  accuracies  assumed  in  the  measurements. 
The  third  distribution  (distribution  III)  follows  a 
power  law  in  accordance  with  the  well  known  Junge 
distribution  and  thus  permits  high  contribution  to 
the  scattering  by  smaller  particles.  The  exponent 
chosen  in  this  example  is  -4. 

In  calculating  the  expected  scattering  value  for 
distributions  I— III  and  the  twenty-one  wavelengths, 
the  total  number  of  particles  was  kept  constant  in 
the  three  distributions.  This  normalization  was 
used  to  facilitate  comparison  of  the  three  sets  of  in- 
version results.  The  intensities  calculated  for  the 
distributions  are  shown  in  Fig.  8.  The  calculated 
points  are  connected  by  straight  lines  to  differentiate 
between  the  distributions  and  are  not  meant  to 
suggest  values  for  intermediate  points.  Error  bars 
corresponding  to  ±1%  measurement  error  are  drawn 
in  the  center  of  the  figure.  A  rough  measure  of  the 
SNR  of  the  observations  is  the  ratio  of  total  range  of 
intensity  variation  to  the  error.  For  these  examples, 
the  ratio  is  about  18  to  1  (in  terms  of  standard  de- 
viations). 

In  inverting  for  the  size  distribution  at  the  six 
radii  shown  in  Fig.  3,  the  minimum  spread  coeffi- 
cients were  used  with  errorless  intensity  data  while  a 
central  point  on  the  trade-off  curve  appropriate  to 
1%  error  was  used  with  data  contaminated  with  1% 
Gaussian  error.  The  results  are  shown  in  Fig.  9.  A 
check  on  the  inferred  results  was  obtained  by  numer- 
ically integrating  the  averaging  kernels  with  the 
three  distributions  and  comparing  the  answers  di- 
rectly with  the  inverted  data.  Note  the  inferred 
values  of  </(r))r0  for  distributions  I  and  III  are  consis- 
tently higher  than  the  true  value  of  /.  This  occurs 
because  the  side  lobes  are  positive,  on  the  average,  in 
regions  where  there  are  a  large  number  of  particles. 
The  exact  opposite  would  occur  if  there  were  a  large 


number  of  particles  where  the  side  lobes  are  nega- 
tive. The  spread  (and  resemblance  to  a  delta  func- 
tion) of  averaging  kernels  for  radii  less  than  0.70  /im 
rapidly  deteriorated,  and  estimates  of  sizes  at  these 
points  were  determined  to  be  erroneous  (see  Table  I). 
A  useful  feature  of  averaging  kernel  and  spread  cal- 
culations is  the  ability  to  discard  a  priori  points 
whose  spread  is  too  large,  while  retaining  points  at 
which  accurate  results  are  achievable. 


V.    Conclusion 

In  this  paper  we  have  applied  the  inversion  tech- 
nique of  Backus-Gilbert  to  the  recovery  of  spherical 
size  distributions  from  multiwavelength  scattering 
measurements.  The  technique  is  applicable  to  infer- 
ring size  distributions  from  any  combination  of  inde- 
pendent wavelength,  scattering  angle,  or  polarization 
data.  The  principal  advantages  of  the  techniques 
are: 


Table  I.     Minimum  Spread  as  a  Function  ol  Radius  lor 
Twenty-one  Measurements 


ro(ntn) 


s(,im)  x  102 


Percent  of  total 
size  range 


0.975 

10.8 

21.6 

0.95 

17.9 

36.0 

0.90 

8.9 

19.2 

0.85 

12.0 

48.0 

0.80 

21.8 

43.2 

0.75 

28.2 

56.4 

0.70 

27.8 

55.2 

0.65 

37.7 

75.6 

0.60 

61.2 

122.4 

0.55 

105.8 

211.2 

0.525 

134.8 

270.0 
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Fig.  9.     Interred  size  distribution  function  at  six  radii  from  twenty-one  multispectral  simulated  measurements. 
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(1)  For  a  given  set  of  measurements,  definite 
statements  can  be  made  about  the  achievable  resolu- 
tion and  accuracy  at  any  radius.  The  compromise 
between  resolution  and  accuracy  can  be  controlled 
by  choosing  a  point  on  the  trade-off  curve. 

(2)  No  a  priori  knowledge  about  the  size  distribu- 
tion is  required.  However,  for  the  type  of  weighting 
functions  we  encountered  the  achievable  spatial  res- 
olution is  sensitive  to  the  total  radius  range  of  the 
distributions. 

(3)  If  one  is  inverting  for  a  smooth  distribution, 
only  a  few  accurate  points  are  needed  to  infer  an  en- 
tire profile.  The  Backus-Gilbert  technique  allows 
optimum  point  selection. 

(4)  By  studying  the  characteristics  of  averaging 
kernels  at  various  radii,  qualitative  statements  can 
be  made  about  distinguishability  of  different  size 
distributions  prior  to  measurement  of  scattering  in- 
tensities. 

(5)  The  technique  offers  a  criterion  for  optimum 
measurement  ordinates,  i.e.,  the  set  of  measurements 
that  gives  the  minimum  spread  for  a  given  accuracy. 
Different  kinds  of  measurement  techniques  can  be 
compared  by  a  quality  criterion  that  does  not  de- 
pend on  the  distribution. 

To  illustrate  the  technique,  we  considered  the 
problem  of  recovering  the  size  distribution  whose 
range  was  0.5-1.0  |im  from  multispectral  measure- 
ments of  90°  scattering  from  spherical  particles  of 
known  refractive  index.  Twenty-one  equally  spaced 
measurements  from  400  nm  to  700  ^m  were  adequate 
to  obtain  spatial  resolutions  of  less  than  55%  of  the 
total  range  for  radii  greater  than  0.7  /jm.  The  ac- 
curacies in  estimating  averages  appropriate  to  these 
resolutions  were  shown  to  be  about  10%  with  1% 
measurement  accuracy.  For  radii  below  0.7  fim  the 
achievable  spreads  deteoriated  rapidly.  The  effect 
of  measurement  number  and  measurement  accuracy 
on  the  resolution  was  also  studied. 

Future  work  will  include  the  analysis  and  compar- 
ison of  variable  scattering  angle  vs  multispectral 
techniques.  To  provide  a  useful  operational  tool, 
the  allowable  range  of  sizes  must  be  increased  great- 
ly over  this  study.  However,  the  use  of  a  tuneable 
dye  laser  at  a  variety  of  scattering  angles  would  lead 
to  a  large  volume  of  data  from  which  high  resolution 
averaging   kernels   could   be  constructed.     Another 


optimization  study  of  interest  is  the  best  placement 
of  measurement  ordinates,  given  that  the  range  and 
number  of  measurements  are  fixed. 

Since  this  method  does  not  depend  on  a  priori  as- 
sumptions about  the  distribution  function,  it  could 
also  be  used  to  construct  an  initial  estimate  required 
in  other  inversion  techniques.8-9  In  particular,  when 
any  a  priori  assumption  is  questionable,  this  tech- 
nique is  appropriate.  We  plan  to  compare  iterative 
inversions  having  initial  estimates  determined  by 
the  Backus-Gilbert  method  with  other  methods  in 
cases  when  an  a  priori  guess  is,  and  is  not,  justified. 
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Abstract.  Clear-air  plume  and  wave-like  structures  are  revealed  in  the  atmospheric  boundary  layer 
by  combined  acoustic  remote  sensing  and  meteorological  tower  measurements.  The  magnitude 
of  turbulent  production  and  dissipation  plus  properties  of  velocity  and  temperature  spectra  determined 
from  the  tower  measurements  are  well  correlated  with  phenomena  indicated  by  the  acoustic  sounder. 
Interpretation  of  either  set  of  records  is  greatly  enhanced  by  the  other.  For  example,  the  onset  of  a 
sudden  burst  of  turbulent  production  from  the  tower  measurements  may  correspond  to  plume  passage 
or  breaking  of  stable  waves  recorded  by  the  acoustic  echo  sounder. 

1.  Introduction 

During  the  last  meeting  of  the  IUCRM  (Stockholm,  1969),  questions  were  raised 
about  energy  exchange  between  waves  and  turbulence,  the  general  partition  of  energy 
under  various  meteorological  conditions,  and  the  cause  of  the  intermittent  nature  of 
many  time  series  of  atmospheric  variables.  This  paper  presents  some  of  the  results  of 
an  experiment  specifically  designed  to  answer  some  aspects  of  these  questions.  The 
basic  configuration  was  to  measure  the  atmosphere's  turbulent  characteristics  with 
sensitive  in-situ  sensors  located  on  a  tower  while  an  acoustic  sounder  continually 
monitored  atmospheric  structure  over  the  height  of  the  tower.  This,  then,  allowed  us 
to  determine  the  relative  contributions  of  the  various  terms  in  the  energy  equations 
under  many  different  conditions,  such  as  thermal  plumes,  stable  layers,  breaking 
waves,  mixing  under  nocturnal  inversions,  etc.  The  experiment  was  conducted  at 
Haswell,  Colorado,  during  the  fall  of  1969.  A  major  goal  of  the  experiment  was  to  use 
tower  data  to  explain  quantitatively  the  phenomenon  indicated  by  the  sound  scattered 
in  the  atmosphere  by  turbulent  fluctuations  of  temperature  and  wind. 

A  discussion  of  acoustic  echo  sounding  is  given  by  Little  (1969).  He  gives  the 
scattered  power,  per  unit  volume,  per  unit  incident  flux,  per  unit  solid  angle  at  an 
angle  6  from  the  initial  direction  of  propagation  as 


a (6)  =  0.03  k113  cos2  9  { -{  cos2 -  +  -\\  sin 


C\       ,0      C2-         »  J 
-=  cos'  -  +  — = 
C2  2      T2i 
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where  Cv  and  CT  are  obtained  from  the  velocity  and  temperature  structure  functions, 
and  k  is  the  wave  number  of  the  acoustic  wave. 

The  sounder  used  for  this  experiment  used  a  direct  backscatter  mode,  which  is 
then  independent  of  Cv,  along  with  another  receiver  which  was  sensitive  to  both  CT 
and  Cv.  CT  is  sensitive  to  the  rate  of  production  of  turbulent  temperature  fluctuations, 
w'd'  (dB/dz)  (Wyngaard  et  al,  1971)  and  slightly  sensitive  to  e,  the  rate  of  turbulent 
dissipation  of  kinetic  energy.  6  is  the  potential  temperature,  w  the  wind  in  the  vertical 
direction,  z.  The  prime  indicates  departure  from  the  mean  quantity  denoted  by  an 
overbar.  Thus,  w'd'  is  the  covariance  of  6  and  w. 

The  first  step  in  this  analysis  was  to  examine  the  acoustic  echo  patterns,  compute 
the  available  turbulent  quantities,  and  compare  these  with  what  is  generally  known 
about  the  turbulent  boundary  layer.  In  so  doing  it  was  immediately  apparent  that  the 
acoustic  echo  sounder  aids  in  studies  of  intermittency,  i.e.,  that  small  percentage  of 
the  time  series  of  wind  and  temperature,  etc.,  that  contains  a  significant  percentage  of 
the  total  variance.  Further,  it  appears  that  acoustic  echo-sounder  pattern  classification 
allows  the  qualitative  determination  of  the  turbulent  characteristics  of  the  atmosphere 
thus  providing  more  physical  insight  into  the  nature  of  the  quantitative  in-situ  tower 
measurements. 

We  present  the  results  of  an  analysis  of  five  time  periods  selected  to  show  the  wide 
variability  in  the  meteorological  conditions  measured  from  the  tower  and  by  the 
acoustic  echo  sounder. 

Case  I  (Emmanuel  et  al,  1972)  is  a  stable  wave  where  very  little  turbulence  is 
present.  Case  II  may  be  described  as  a  'herringbone'  type  structure  of  sharply  defined, 
almost  vertical  acoustic  returns  described  by  Emmanuel  et  al.  (1972)  as  an  unstable 
wave.  Case  III,  a  rising  temperature  inversion,  follows  the  transition  from  stable 
conditions  just  after  sunrise  to  the  beginning  of  convective  conditions.  Case  IV  shows 
thermal  plumes  just  after  the  inversion  has  been  destroyed  by  convection.  Case  V  is  a 
complex  wave  structure  that  appears  to  be  composed  of  several  types  of  waves. 

2.  Method  of  Analysis 

The  turbulent  energy  was  determined  from  the  tower  data  and  related  to  the  various 
patterns  observed  by  the  acoustic  echo  sounder. 

It  is  impossible  to  evaluate  all  of  the  terms  in  the  turbulent  energy  equation  from  a 
single  tower.  However,  in  the  surface  layer,  with  averages  of  about  an  hour,  horizontal 
gradients  become  small,  the  mean  flow  can  be  represented  as  two-dimensional,  the 
average  vertical  velocity  and  pressure  terms  are  approximately  zero,  and  the  system 
is  approximately  stationary  (Lumley  and  Panofsky,  1964).  For  these  conditions,  the 
turbulent  energy  equation  may  be  written  as 

de         dit     a  — —      dw'e 

-  =  -uV-  +  -wV e  =  0,  (1) 

dt  dz      T  dz 

Term  I  II        III        IV 
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where  u  is  the  component  of  the  wind  in  the  x  direction  (taken  as  the  direction  of  the 
mean  wind),  and  w  is  the  vertical  or  z  component  of  velocity.  «',  w  and  9'  are  defined  as 

u  =  u  —  u 

w'  =  w  —  w 

9'  =  e-d, 


where 


•4 


udt 


andr  is  some  predetermined  averaging  time. 
In  addition, 

e  =  -  (u'2  +  v'2  +  w'2), 
2 

and  where  9  is  the  potential  temperature  and  T  is  the  local  temperature. 

Term  I  is  called  the  mechanical  production  term;  it  is  usually  positive  (including 
sign)  indicating  energy  is  transferred  from  the  mean  flow  into  turbulent  energy. 
Term  II  is  the  buoyancy  production  term;  it  is  positive  during  convective  conditions 
and  indicates  a  source  of  turbulent  energy  in  this  case.  It  is  usually  negative  indicating 
the  temperature  stratification  normally  suppresses  turbulence.  Term  III  is  a  measure 
of  the  vertical  divergence  of  the  vertical  turbulent  energy  flux,  i.e.,  the  redistribution 
of  energy  with  height.  Term  IV  gives  the  turbulent  energy  dissipation  or  the  rate  at 
which  energy  is  lost  through  viscosity.  This  term  is  always  positive. 

Since  the  production  of  the  mechanical  energy  depends  upon  u'w'  and  the  shear 
of  the  mean  flow,  it  is  informative  to  see  how  u'w'  is  generated  and  to  examine  the 
size  of  the  various  terms.  Making  similar  assumptions  as  before,  we  write  the  differential 
equation  for  u'w'  as 

d  -rjdD      g  d  —— , 

u'w  =-w2 h  — 1*0-    -ww    ....  (2) 

dt  dz       T  dz  J 

The  first  term  in  the  right-hand  side  is  the  production  of  Reynolds  stress  through  shear 
in  the  mean  flow  and  variance  in  the  vertical  velocity.  The  second  term  is  that  due  to 
turbulent  horizontal  transport  of  temperature  fluctuations  (or  horizontal  turbulent 
heat  flux)  and  the  third  term  redistributes  u'w'  with  height.  Similarly,  the  buoyancy 
production  may  be  written  as 

d  —*  d9      g  -^       d   —* — 

-  w'9'  =  -  w72       +  -  9'2 w72!7...,  (3) 

dt  dz      T  dz  K  ' 

where  the  first  term  on  the  right-hand  side  represents  the  production  of  vertical 
temperature  flux  through  the  mean  temperature  gradient,  the  second,  the  variance 
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of  the  temperature  fluctuations,  and  the  third  term,  the  redistribution  of  w'8'  with 
height.  A  detailed  discussion  of  these  equations  is  given  by  Stewart  (1959). 

Estimates  of  u'w',  g/T  w'9',  w'e,  e,  etc.,  were  made  by  measuring  u,  w  and  6  at  a 
point,  detrending  the  appropriate  fluctuating  quantities,  and  averaging  for  a  pre- 
determined time.  The  fourth  term,  e,  is  estimated  by  using  the  horizontal  wind  structure 
function  Du(r)  where  r  is  the  spatial  separation  of  the  two  measurements  of  u.  This 
should  have  the  form  in  the  inertial  subrange  of 

Du(r)  =  As2l3r2'3 

Record  and  Cramer  (1966)  have  extensively  studied  this  relationship.  They  find 
A  =  2.0  to  be  the  best  value  for  their  studies.  A  correction  for  the  response  of  the 
anemometer  was  used  and  is  given  by  (after  Volkovitshaya  and  Ivanov,  1970) 

0.37/       D„       N3/2 


3/2  3/2 


U      \T2       -*i 

where  t2  is  the  time  lag  corresponding  to  r,  U  the  mean  wind  speed,  and  zx  the  time 
constant  of  the  anemometer.  The  value  fortj  is  about  1  s  for  a  wind  speed  of  1  ras"1. 
The  mechanical  production  in  Equation  (1)  was  determined  by  averaging  u'w' 
across  the  two  levels  of  measurement  and  multiplying  by  A  U/AZ,  where  A  U  was  the 
difference  in  the  average  wind  speed  between  the  two  levels,  and  AZ  was  the  spacing 
between  these  levels.  There  was  no  stress  measurement  below  39  m,  and  the  value  at 
39  m  was  used  for  the  z  =  0  level.  This  undoubtedly  underestimates  the  mechanical 
production  term,  in  this  region,  since  u'w'  during  stable  conditions  decreases  with 
height  in  this  range.  The  fluctuations  in  the  horizontal  wind  speed,  u's,  were  used  for 
computational  efficiency  rather  than  the  vector  fluctuation  along  the  mean  flow. 
That  this  is  a  reasonable  approximation,  may  be  seen  by  the  following.  Let  u's  =  u' 
cos  4>'  where  4>'  is  the  fluctuation  in  azimuth  between  the  average  wind  direction  and 
the  instantaneous  wind  direction.  Then, 


u'sw'  =  u'  cos<j)'(w')  =  u'w' (I  —  4>'  /2  H — )  ~  u'w'  —  u'w'cp'  /2 

yields  an  error  of  less  than  5%  when  <j>  varies  as  much  as  20°.  Indeed  the  variance  in 
the  azimuth  is  quite  small  over  two  minutes  for  most  of  our  data. 

Another  and  sometimes  a  larger  source  of  error  is  the  assumption  that  the  mean 
wind  does  not  change  direction  with  height.  The  mechanical  term  should  actually  be 
computed  by  resolving  the  horizontal  velocity  components  along  two  orthogonal 
horizontal  axes.  By  using  the  wind  speed,  the  resultant  error  can  amount  to  as  much 
as  40%  underestimation  of  the  mechanical  production.  However,  this  error  is  small 
relative  to  that  of  the  measurement  of  the  wind  gradient,  which  is  discussed  in  each 
particular  case. 

Power  spectra  were  determined  for  u,  w,  and  t  after  linear  trends  were  removed 
from  the  data.  The  spectra  were  smoothed  by  dividing  each  decade  into  ten  equal 
logarithmic  intervals  and  averaging  all  points  within  each  interval. 
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3.  Measurements  and  Data  Reduction 

The  site  and  measurements  have  been  described  by  Emmanuel  et  al.  (1972).  In 
summary,  the  measurements  were  made  near  Haswell  on  the  plains  in  the  south- 
eastern part  of  Colorado.  The  site  elevation  is  1307  m,  and  is  sparsely  covered  with 
15-cm  high  clumps  of  buffalo  grass  for  a  minimum  of  3  km  in  any  direction  from  the 
tower.  The  meteorological  characteristics  are  those  of  the  high  plains,  strong  solar 
heating  during  the  day  and  radiative  cooling  at  night.  Velocity  and  temperature 
measurements  were  made  at  39,  93,  and  149  m  from  a  152-m  tower.  The  acoustic 
sounder  was  250  m  northwest  of  the  tower.  It  operated  at  a  frequency  of  950  Hz, 
20  ms-pulse  duration  every  2  s,  and  an  acoustic  power  output  of  8  W. 

The  acoustic-sounder  data  were  recorded  on  a  facsimile  to  give  a  height  vs.  time 
record  of  the  backscattered  intensity  (McAllister  et  al.,  1969).  The  measurements 
taken  on  the  tower  were  recorded  by  FM  tape  recorders,  digitized  at  5  samples  s-1. 

4.  Results 

The  results  of  estimates  of  means  and  the  terms  in  Equations  (1),  (2),  and  (3),  for  the 
five  time  periods  used  a  two-minute  averaging  time.  Spectra  for  the  various  time 
intervals  were  estimated  from  measurements  at  93  m  on  the  tower.  The  two-minute 
averages  were  somewhat  arbitrary.  In  treating  the  last  case,  for  example,  it  appeared 
desirable  to  resolve  selected  portions  of  the  pattern  shown  by  the  acoustic  echo.  The 
two-minute  averaging  time  was  determined  as  the  longest  sample  length  that  could 
be  used  without  masking  the  detailed  structure.  The  value  of  10  min  for  the  spectral 
estimates  was  used  in  order  to  obtain  reliable  estimates  of  the  spectral  peaks  which 
could  occur  with  frequencies  below  one  or  two  minutes.  Care  was  taken  to  try  to  make 
these  estimates  during  the  time  the  acoustic  echo  sounder  showed  the  least  change  in 
the  patterns  for  the  interval.  In  one  case,  the  'stable  wave'  spectral  estimates  were 
made  for  an  hour,  since  this  feature  appeared  to  exist  during  most  of  the  one-hour 
interval,  and  had  much  lower  frequencies  appearing  in  the  echo  return  than  the  other 
cases.  The  following  quantities  were  determined: 

-     *  ^~,dU    9  —     8  — 
A,,  U ,  T,u  w  —  ,  —  w  0  ,  —  w  e,  e, 

2  dz    T  dz 

-72  dC    g  —    d  -r-n  —  d9   g  -,  d  -7J-> 

w    — ,  —  u0, —  uw   ,  w    — ,  —  d,    and     — w   0, 
dz    T  dz  dz    T  dz 

where  Az  is  the  azimuth  in  degrees  from  the  north,  U  is  the  average  wind  speed,  Tis 
the  average  temperature.  These  are  plotted  in  detail  as  a  function  of  time  for  the  last 
case;  the  other  cases,  however,  are  described  with  representative  values  for  pertinent 
events  on  the  sounder  record.  All  times  are  local  standard  time. 

CASE  I.   'STABLE  WAVE'  (OCTOBER  8,  1969)  01  00  TO  0200 

During  this  interval,  the  observed  acoustic  echo-sounder  pattern  from  the  direct 
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backscatter  measurements  shows  a  sinusoidal  wave  structure  (Figure  1)  described  as 
a  'stable  wave'  by  Emmanuel  et  al.  (1972).  The  stable  wave  will  not  grow  with  time 
and  will  gradually  disappear  because  of  frictional  forces  within  the  wave.  Measure- 
ments are  not  available  at  39  m  (from  01 00  to  01 30)  because  of  instrumental  problems. 
The  wind  speed  measurements  indicate  that  the  wind  has  minimum  values  at  times 
corresponding  to  the  peak  heights  of  the  wave  shown  by  the  acoustic  sounder  (01 09, 
01 18,  and  01 29  h  and  the  93-m  level).  The  temperature  shows  very  little  change  during 
this  interval. 
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Fig.  1.  Stable  wave.  -  Top:  Acoustic  echo  return  vs.  height  and  time.  Average  values  determined 
from  measurements  at  the  three  fixed  levels  on  the  Haswell  tower  for:  Second  from  top:  Azimuth. 
Third  from  top:  Wind  speed.  Bottom:  Temperature.  Note  that  the  measurements  at  the  39- m  level 

are  not  available  for  the  first  28  min. 
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The  estimated  terms  in  the  energy  budget  are  shown  in  Figure  2  for  0103.  All  terms 
are  essentially  zero,  although  at  later  time  periods  e  increases  to  about  10  cm2  s~3, 
while  the  mechanical  term  never  gets  larger  than  2  or  3.  Emmanuel  et  al.  (1972) 
show  the  profile  of  wind  and  temperature  measured  from  an  instrumented  carriage 
which  ascended  during  this  time  interval.  The  maximum  wind  shear  occurred  at  the 
same  level  as  the  acoustic  echo-sounder  return  and  has  a  value  of  about  0.4  s_1, 
compared  to  the  0.05  s_1  measured  across  the  two  fixed  levels. 
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Fig.  2.     Stable  wave:  Turbulent  energy  budget.  -  Evaluated  terms  using  a  detrended  two-minute 

average  for:  Top:  Turbulent  energy  equation.  Middle:  Reynolds  stress  equation.  Bottom:  Buoyancy 

production  equation.  -  Everything  is  essentially  zero  for  this  case  and  the 

particular  time  averages  used. 

The  production  of  the  Reynolds  stress  and  the  vertical  temperature  flux  is  shown  in 
Figure  2  for  01 03.  Figure  3  shows  the  u,  w,  and  /  spectra  for  the  93-m  level  computed 
for  a  one-hour  sample  from  0100  to  0200.  There  is  a  rapid  decrease  in  the  energy  in 
all  three  variables.  These  spectra  all  go  to  zero  near  2x  10" 2  Hz.  The  sounder  return 
indicates  the  long  wave-like  structure  occurs  about  every  8  min  or  480  s.  This  has  a 
frequency  of  2.1  x  10" 3  Hz.  The  temperature  spectrum  displays  a  maximum  at  this 
frequency  although  the  u  and  w  do  not.  The  horizontal  component  of  wind  at  these 
frequencies  is  an  order  of  magnitude  greater  than  the  vertical  velocity  component. 
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CASE  II.   'HERRINGBONE  WAVE  STRUCTURE'  (OCTOBER  9,  1969)  0540  TO  0620 

This  structure,  shown  in  Figure  4,  appears  as  a  herringbone-type  structure.  The 
azimuth  shows  a  large  change  in  wind  direction  with  height.  This  variation  persists 
throughout  the  interval,  except  at  0603  to  0605  and  at  0619.  These  time  periods 
occur  just  before  those  periods  for  which  the  acoustic  echo-sounder  data  show  almost 
no  return.  Figure  4  also  shows  wind  speed  minima  coincident  with  the  maximum 
heights  observed  by  the  sounder.  These  periods  of  wind  minima  also  show  large 
variation  in  wind  shear.  The  first  minimum  at  0553  has  relatively  strong  shear,  while 


0100-0200  LT    Oct.  8,  1969  93  Meters 


f  (Hz) 

Fig.  3.  Stable  wave.  -  Estimates  of  frequency  times  the  power  spectra  vs.  log/(Hz)  for  u  (horizontal 
wind  speed),  w  (vertical  velocity),  and  T  (temperature).  The  horizontal  amplitude  is  more  than  an 
order  of  magnitude  larger  than  the  vertical  component  over  most  of  the  frequency  range,  indicating 
that  even  though  there  is  appreciable  shear,  the  production  of  the  Reynolds  stress  would  be  small 
through  the  w'2(8U/dz)  term;  hence  very  little  turbulence  will  be  generated  through  the  shear 
production  term.  This  also  means  that  the  motion  of  this  wave  is  in  the  horizontal  plane. 


the  one  at  06 1 1  has  very  small  wind  shear  corresponding  to  sounder  returns  at  all 
heights  for  the  former,  but  not  for  the  latter.  Figure  4  shows  only  about  a  3  °C  tempera- 
ture difference  with  height,  with  the  maximum  difference  between  the  93  and  149  m 
levels. 

Figure  5  shows  the  energy  budget  terms  at  0559.  The  lowest  level  shows  a  change 
in  sign  for  —  u'W  (dU/dz),  which  may  be  interpreted  such  that  the  energy  is  being 
taken  from  the  herringbone  structure  and  put  into  the  mean  motion.  This  conjecture 
is  given  additional  support  by  the  increase  in  wind  speed  at  higher  elevations  accom- 
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Fig.  4.     'Herringbone'  wave  structure.  -  Top:  Acoustic  echo  return  as  a  function  of  height  and  time. 

Average  values  determined  from  measurements  at  the  three  fixed  levels  on  the  Haswell  tower  for: 

Second  from  top:  Azimuth.  Third  from  top:  Wind  speed.  Bottom:  Temperature.  -  Note  the  very  small 

wind  shear  at  06 1 1,  corresponding  to  the  region  of  no  acoustic  echo  return. 


panied  by  an  increase  in  turbulent  dissipation  many  times  greater  than  that  observed 
in  Case  I. 

These  Reynolds  stress  terms  are  also  shown  in  Figure  5.  The  relative  values  of 
—  w'2  (dU/dz)  are  about  three  orders  of  magnitude  larger  for  this  case  than  for  the 
stable  wave  case.  The  buoyancy  and  vertical  gradient  terms  are  negligible. 

The  power  spectrum  of  u  (Figure  6)  shows  that  higher  frequencies  are  contributing 
to  the  turbulent  energy  compared  to  the  stable  case.  In  this  case  almost  all  of  the 
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Fig.  5.  'Herringbone'  wave  structure.  -  Evaluated  terms  using  a  detrended  two-minute  average  for: 
Top:  Turbulent  energy  equation.  Middle:  Reynolds  stress  equation.  Bottom:  Buoyancy  production 
equation.  -  Note  the  large  increase  in  the  relative  magnitude  of  almost  all  the  terms  compared  to 

the  stable  wave  case. 


energy  was  produced  at  frequencies  higher  than  5  x  10  3  Hz  while  in  the  first  case 
the  energy  was  concentrated  below  5  x  10" 3  Hz. 

CASE  III.    RISING  INVERSION  TO  CONVECTION  (SEPTEMBER  23,  1969)  0750  TO  0900 

The  acoustic  echo-sounder  return  (Figure  7)  shows  most  of  the  return  originates  from 
below  94  m  until  about  0831.  Figure  7  also  shows  that  during  this  time  there  is  almost 
no  change  in  the  wind  direction  with  height,  except  for  a  time  at  the  39-m  level.  The 
wind  at  39  m  is  practically  zero  until  0821.  However,  at  93  m  the  wind  speed  is  about 
3  ms"1,  and  4.4  m  s_1  at  149  m,  increasing  toward  the  end  of  the  time  period.  The 
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temperature  (Figure  7)  increases  at  39  m  for  a  few  minutes  then  decreases  at  0821, 
starts  increasing  from  that  time,  and  at  0825  the  air  at  39  m  becomes  statically 
unstable  when  compared  to  the  93-m  level. 

Figure  8  shows  terms  in  the  energy  budget  as  the  inversion  rises.  Initially,  the 
inversion  is  very  shallow  and  the  rates  of  turbulent  energy  production  are  small  at  all 
heights.  As  the  inversion  rises,  the  buoyancy  production  below  the  inversion  increases 
and  becomes  largest  at  0855  when  the  inversion  is  just  below  the  149-m  level. 
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Fig.  6.  'Herringbone'  wave  structure.  -  Estimates  of  fS(f)  vs.  log  /  for  u  (horizontal  wind  speed), 
w  (vertical  wind  speed),  and  T (temperature).  The  power  spectra  for  this  case  show:  (1)  increased 
power  at  higher  frequencies  compared  to  the  stable  wave  case;  (2)  the  amplitude  of  Sw(f)  relative 
to  Su(f)  has  increased  an  order  of  magnitude  at  the  higher  frequencies.  This  means  that  the  shear 
production  of  Reynolds  stress  will  be  larger,  and  consequently  the  shear  production  term  in  the 
turbulent  energy  equation  should  also  increase. 


The  Reynolds  stress  budget  and  buoyancy  budget  for  the  same  time  periods  are 
shown  in  Figures  9  and  10.  They  show  that  the  magnitudes  of  these  terms  are  largest 
below  the  inversion  level. 

The  estimates  of  power  spectra  at  93  m  for  w,  w,  and  T  were  made  for  two  periods 
during  this  case  (Figures  11  and  12).  The  first,  0800  to  0815,  was  made  while  the 
inversion,  as  seen  by  the  acoustic  sounder,  was  below  93  m.  The  second,  0840  to  0900, 
was  made  after  the  inversion  was  higher  than  93  m. 

The  first  set  of  spectra  shows  the  u  spectrum  (Figure  1 1)  peak  at  3  x  10" 2  Hz,  with 
a  maximum  amplitude  of  1  (m2  s2)/Hz,  and  the  w  spectrum  with  no  well  defined  peak. 
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Fig.  7.     Rising  inversion  to  convection.  -  Top:  Acoustic  echo  return  as  a  function  of  height  and  time. 

Average  values  determined  from  measurements  at  the  three  fixed  levels  on  the  Haswell  tower  for: 

Second  from  top:  Azimuth.  Third  from  top:  Wind  speed.  Bottom:  Temperature. 


The  temperature  spectrum  has  a  similar  shape  to  that  of  u  (with  a  peak  amplitude  of 
0.1  °C2  Hz-1).  In  contrast,  after  the  inversion  rises  above  93  m,  the  u  spectrum 
(Figure  12)  shows  a  peak  at  2  x  10-2  Hz,  and  an  amplitude  of  4  (m2  s-2)  Hz-1,  almost 
four  times  larger.  The  w  spectrum  does  not  have  a  sharp  peak  but  the  amplitude  has  in- 
creased by  another  order  of  magnitude.  The  peak  of  the  temperature  spectrum  has 
shifted  to  5  x  10-2  Hz  and  the  amplitude  has  increased  to  0.4  C2  Hz-1,  a  factor  of 
four  over  the  previous  peak.  These  data,  especially  the  w  spectra,  indicate  that  the 
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Fig.  8.     Rising  inversion  to  convection.  -  Three  time  periods  showing  two-minute  average  estimates 

of  some  of  the  terms  in  the  turbulent  energy  equation.  The  height  of  the  inversion,  indicated  by  the 

acoustic  echo  sounder,  is  shown  by  the  dashed  line.  The  magnitudes  of  the  terms  increase  below  the 

inversion  as  the  inversion  lifts,  but  not  above  the  inversion. 


acoustic  echo  delineates  between  the  'mixing'  region  of  the  surface  layer  and  the 
region  above  it  where  very  little  exchange  of  variables  takes  place. 

CASE  IV.   CONVECTIVE  CASE  (SEPTEMBER  23,  1969)  0900  TO  1000 

Plume-like  structures  are  observed  by  the  echo  sounder  (Figure  13)  after  the  convective 
breakup  of  the  inversion  of  the  previous  case.  Initially,  the  azimuth  shows  very  little 
variation  with  height  until  0935  when  the  wind  at  149  m  drops  below  1ms-1.  The 
air  is  statically  unstable  from  the  ground  to  93  m  and  is  stable  from  93  to  140  m. 
The  convection  above  this  height  should  stop  and,  indeed,  the  echo  returns  indicate 
that  most  of  the  echo  return  is  below  this  level. 

Figure  14  shows  the  energy  terms,  the  Reynolds  stress  and  buoyancy  terms  for 
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0915.  In  general,  all  the  terms  decrease  with  height.  The  spectral  estimates  of  u,  w, 
and  T  from  0900  to  1000  at  93  m  are  shown  in  Figure  15.  The  u  spectrum  displays 
energy  over  practically  the  entire  frequency  range  analyzed,  and  the  Tand  w  spectrum 
has  increased  nearly  two  orders  of  magnitude  over  the  previous  case. 


20 


-20 


r  0759  LT 


SEPT.  23,    1969 


<r> 


20  r 


-20 


-40  L 


0839 


•  Inversion  Height 


o — 

-o O— 

— O— " 

O-  w 

r  all    0  g  u'e' 
oz         T 

A-ow'V 
Az 

*- 


-O— i 


10 


20- 


0855 


1ST 
O 

J 


O  !: 


_L 


_L 


J_ 


20         40        60         60         100        120        140 
Measurement    Height    (Meters) 


160 


Fig.  9.  Rising  inversion  to  convection.  -  Three  time  periods  showing  the  two-minute  average 
estimates  of  some  of  the  terms  in  the  Reynolds  stress  equation.  The  height  of  the  inversion,  indicated 
by  the  acoustic  echo  sounder,  is  shown  by  the  dashed  line.  As  in  Figure  8,  the  relative  magnitudes  of 
these  terms  are  important  below  the  inversion  but  not  above  it.  This  indicates  that  the  echo  return 
can  delineate  regions  of  Reynolds  stress  production  for  this  type  of  phenomenon. 

CASE  V.   COMPLEX  WAVES  (OCTOBER  9,  1969)  08  00  TO  0900 

The  echo-sounder  return  for  this  case  (Figure  16)  indicates  rather  complex  structures 
that  we  shall  analyze  in  more  detail  than  the  earlier  cases.  Initially,  a  thick  diffuse 
layer  is  indicated  between  50  and  125  m.  The  top  of  this  layer  rises  to  200  m  and 
develops  a  wave-like  structure.  A  series  of  undulating  layers  appear  by  0822  with 
small  scale  instabilities  superposed  upon  the  main  waves  of  120  m  (Emmanuel  et  ah, 
1972).  Plots  of  azimuth,  average  wind  speed  and  temperature  shown  in  Figure  16 
follow  the  contours  of  the  acoustic  recording. 

The  acoustic  record  is  discussed  in  three  sections.  Part  A  which  shows  a  diffuse 
layer  occurring  from  0800  to  0810;  Part  B,  a  region  of  no  echo  from  50  to  100  m 
occurring  from  0812  to  0822;  and  Part  C  where  undulating  layers  are  observed 
(0825-0835). 
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The  echo  returns  are  shown  at  the  top  of  Figure  17  while  the  terms  in  the  kinetic 
energy  budget  are  shown  below.  Part  A  shows,  with  the  exception  of  dissipation,  that 
the  various  terms  are  relatively  small  (less  than  15  cm2  s-3).  A  sharply  defined  wave 
structure  is  observed  between  100  and  200  m  at  0806.  Simultaneously,  this  region 


l0rO759LT 


-10  L 


* 


SEPT.  23,  1969 
i-i—  Inversion    Height 

O o O — 


:i 


-     50 r  0839 


-50- 

o 

100- 

50  r  0855 


o 

0 
D 

T^ 

_  Aw'V 

ill 

•i 

!| 

\\ 
.1 

i! 


-o— i 


L0-H 


50-      O 

-100- 


20        40         60         80         100        120        140 
Meosurement    Height    (Meters) 


160 


Fig.  10.     Rising  inversion  to  convection.  -  Three  times  showing  the  two-minute  average  estimates 

of  some  of  the  terms  in  the  buoyancy  equation.  The  height  of  the  inversion,  indicated  by  the  acoustic 

echo  sounder,  is  shown  by  the  dashed  line.  The  main  difference  in  this  equation  is  the  term  w'2(dG/dz) 

using  temperature  measurements  at  the  surface  and  at  the  39-m  level. 


shows  a  marked  increase  in  the  mechanical  production,  a  slight  increase  in  dissipation 
and  a  large  negative  buoyancy  term. 

Figure  18  shows  some  of  the  terms  in  the  Reynolds  stress  equation.  Part  A  shows 
a  slight  increase  in  w'2(dO/dz)  at  0806,  and  a  dramatic  increase  in  (g/T)u'9'  at 
the  149-m  level.  This  increase  corresponds  to  the  time  that  the  diffuse  structure  appears 
to  change  to  the  undulating  type  structure  at  heights  of  150  m  and  above.  The 
divergence  term  of  the  transport  of  the  Reynolds  stress  is  small  during  interval  A. 
The  buoyancy  equation  (Figure  19)  is  dominated  by  the  mean  vertical  temperature 
gradient  near  the  surface,  as  seen  in  the  plot  of  the  —  w'2(<9#/<3z)  term. 

During  interval  B,  (Figure  17),  the  echo  return  shows  a  layer  above  125  m,  and  a 
low-level  layer  below  80  m.  The  mechanical  production  between  93  and  149  m  has 
decreased,  and  is  very  small  between  the  other  levels.  The  buoyancy  production  term 


313 


0800-0815  LT    Sept.  23,  1969 

0.05  r 


93  Meiers 


& 


1     1    1    1 

1       1       ' 

l 

/  ysu(o 

|-/v\l  n 

- 

i   / 

,  :'ST<"      -|    | 

•.ill 

T7                            .1      1          . 

■     Va 

••     <v> 

fSw(f)          •■•                  '•'SC---J: 

1 1 1 — j Xr-4      i 

i 

0X105 


f  (Hz) 

Fig.  11.  Rising  inversion  to  convection.  -  Above  the  Inversion.  Estimates  offS(f)  vs.  log/  for  u 
(horizontal  wind  speed),  w  (vertical  wind  speed),  and  T  (temperature).  The  relative  magnitude  of 
Su>  ( /)  is  between  one  to  two  orders  of  magnitude  smaller  than  Su  ( /)  over  the  whole  frequency  range. 
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Fig.  12.     Rising  inversion  to  convection.  -  Below  the  Inversion.  Estimates  of fS(f)  vs.  log/  for  u 

(horizontal  wind  speed),  w  (vertical  wind  speed),  and  T  (temperature).  The  relative  magnitude  of 

Sw  (/)  has  increased  dramatically  relative  to  Su  (/). 
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Fig.  13.     Convective  case.  -  Top:  Acoustic  echo  return  as  a  function  of  height  and  time.  Average 

vaJues  determined  from  measurements  at  the  three  fixed  levels  on  the  Haswell  tower  for:  Second 

from  top:  Azimuth.  Third  from  top:  Wind  speed.  Bottom:  Temperature. 
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Fig.  14.    Convective  case.  -  Evaluated  terms  using  a  detrended  two-minute  average  for:  Top: 

Turbulent  energy  equation.   Middle:   Reynolds  stress  equation.  Bottom:  Buoyancy  production 

equation.  -  These  terms  show  little  change  over  the  last  part  of  the  rising  inversion. 
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is  also  smaller  at  149  m,  although  it  increases  rapidly  toward  the  end  of  this  interval, 
corresponding  to  the  appearance  of  an  'undulating'  surface  crossing  this  level.  Since 
this  surface  has  the  small-scale  instabilities  described  by  Emmanuel  et  al.  (1972),  then 
one  would  expect  relatively  large  vertical  motions  which  would  tend  to  produce  the 
buoyancy  term  through  Equation  (3).  Similarly,  the  divergence  and  dissipation  terms 
are  small  in  the  turbulent  energy  production  equation  for  interval  B. 
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Fig.  15.     Convective  case.  -  Estimates  of fS(f)  vs.  log/ for  u  (horizontal  wind  speed),  w  (vertical 
wind  speed),  and  T  (temperature).  These  spectra  show  much  more  power  in  all  three  variables  than 

any  of  the  other  cases  at  this  height. 


The  production  of  Reynolds  stress  terms  shown  in  Figure  18  are  small  for  this 
interval  (B)  with  the  exception  of  g/T  u'6',  which  shows  a  similar  behaviour  as  the 
(g/T)  w'8'  term,  with  an  opposite  sign. 

During  period  C  (0825  to  0835),  the  undulating  surface  extends  from  about  20  to 
150  m.  The  terms  in  the  energy  equation  (Figure  17),  all  show  increases  in  magnitude, 
correlated  to  the  occurrence  of  these  undulating  surfaces  at  the  particular  heights  of 
measurement.  The  same  result  holds  for  the  Reynolds  stress  equation  and  to  a  lesser 
extent  in  the  buoyancy  equation  (Figures  18  and  19,  respectively). 

The  terms  involving  the  mean  gradients  may  be  underestimated.  Emmanuel  et  al. 
(1972)  show  the  measurements  from  a  carriage  traverse  on  the  tower.  If  one  uses  the 
wind  shear  for  estimates  from  the  fixed  levels  on  the  tower,  it  appears  that  terms 
involving  the  shear  could  be  underestimated  by  as  much  as  a  factor  of  2  or  3.  This 
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Fig.  16.  Complex  waves.  -  Top:  Acoustic  echo  return  as  a  function  of  height  and  time.  -  Note:  the 
period  denoted  by  A  contains  a  diffuse  layer,  period  B  has  a  region  of  no  echo  return  below  a  region 
where  a  few  wave-like  returns  appear,  and  period  C,  contains  what  Emmanuel  et  al.  (1972),  describe 
as  undulating  surfaces  with  small-scale  instabilities  superimposed  on  them.  Average  values  determined 
from  measurements  at  the  three  fixed  levels  on  the  Haswell  tower  for:  Second  from  top:  Azimuth. 
Third  from  top:  Wind  speed.  Bottom:  Temperature. 
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HASWELL,  COLORADO 
OCTOBER     9,     1 969 
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Fig.  17.  Complex  waves:  Turbulent  energy  equation.  -  Top:  Acoustic  echo  return  as  a  function  of 
height  and  time.  Second  from  Top:  Mechanical  production.  The  upper  height  used  to  calculate  the 
wind  speed  difference  is  indicated  by  the  dotted,  dashed  or  full  line.  Note  the  increase  in  this  term 
corresponding  to  the  occurrence  of  the  small-scale  instabilities.  Third  from  Top:  Buoyancy  energy 
production  term.  As  before,  there  is  an  increase  in  the  buoyancy  production  term  corresponding  to 
the  occurrence  of  the  unstable  waves.  If  one  replaces  #/ T  with  qcp,  this  represents  the  vertical  heat  flux, 
which  indicates  that  almost  all  the  downward  heat  transport  for  this  condition  was  by  the  unstable 
waves.  Fourth  from  Top:  Vertical  divergence  of  the  vertical  flux  of  turbulent  kinetic  energy.  The 
upper  height  used  to  calculate  the  gradient  estimates  is  indicated  by  the  dotted,  dashed  or  full  line. 
This  term  is  relatively  small  compared  to  the  other  terms.  Bottom:  Turbulent  dissipation.  The 
dissipation  increases  at  times  corresponding  to:  (1)  the  diffuse  structure  appearing  in  period  A; 
(2)  the  unstable  wave  condition  in  period  C. 
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Fig.  18.  Complex  waves:  Reynolds  stress  equation.  -  Top:  Acoustic  echo  return  as  a  function  of 
height  and  time.  Second  from  Top:  Production  of  the  Reynolds  stress  through  vertical  shear.  The 
upper  height  used  to  calculate  the  mean  wind  speed  difference  is  indicated  by  the  dotted,  dashed  or 
full  line.  The  very  large  increase  in  magnitude  of  this  term  coincides  with  the  portion  of  the  acoustic 
echo  showing  the  unstable  wave  structure  at  time  interval  C  and  later.  Third  from  Top:  Buoyancy 
term  due  to  the  horizontal  flux  of  temperature.  The  largest  values  occur  at  150  m  at  A  and  B  corre- 
sponding to  the  apparent  unstable  waves  occurring  around  the  150  m  level.  During  period  C,  the 
largest  three  values  are  greater  at  93  m  and  are  coincidental  with  the  three  times  the  unstable  waves 
appear  at  that  level.  Bottom:  Vertical  divergence  of  the  vertical  turbulent  flux  of  Reynolds  stress. 
The  upper  height  used  to  calculate  the  gradient  estimates  is  indicated  by  the  dotted,  dashed  or  full  line. 
The  largest  value  occurs  during  C,  when  the  unstable  wave  appears  across  the  93-m  level,  but  not 

the  150-m  level. 
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Fig.  19.  Complex  waves:  buoyancy  production  equation.  -  Top:  Acoustic  echo  return  as  a  function 
of  height  and  time.  Second  from  Top:  Production  of  buoyancy  due  to  the  mean  vertical  temperature 
gradient.  The  upper  height  used  to  calculate  the  average  potential  temperature  gradient  estimates  is 
indicated  by  the  dotted,  dashed  or  full  line.  This  is  dominated  by  the  surface  layer  production. 
Third  from  Top:  Production  due  to  temperature  fluctuations.  Note  that  the  increase  coincides  reason- 
ably well  with  the  times  that  the  structure  appears  at  the  measurement  height.  Bottom:  Vertical 
divergence  of  the  vertical  flux  of  the  temperature  flux.  The  upper  height  used  to  calculate  the  gradient 
estimates  is  indicated  by  the  dotted,  dashed  or  full  line. 
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Fig.  20.  Complex  waves.  -  Estimates  of fS(f)  vs.  log/for  u  (horizontal  wind  speed),  w  (vertical 
wind  speed),  and  T  (temperature)  during  period  A.  Note  the  relatively  low  amplitudes  of  all  variables. 
This  corresponds  to  the  region  of  the  diffuse  structure.  However,  there  is  a  secondary  peak  in  temper- 
ature at  about  0.4  Hz,  which  does  not  occur  for  period  B,  where  no  echo  return  is  observed  (Figure  21). 
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Fig.  21.     Complex  waves.  -  Estimates  of  fS(f)  vs.  log/  for  u  (horizontal  wind  speed),  w  (vertical 

wind  speed),  and  T  (temperature).  This  is  for  period  B  at  93  m,  corresponding  to  the  region  below 

the  diffuse  echo  return.  Note  the  small  spectral  amplitudes,  and  the  absence  of  the  secondary  peak 

in  temperature  at  0.4  Hz,  compared  to  period  A  (Figure  20). 
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Fig.  22.  Complex  waves.  -  Estimates  of fS(f)  vs.  log/ for  u  (horizontal  wind  speed),  w  (vertical 
wind  speed),  and  T  (temperature).  This  is  for  period  C  at  93  m,  corresponding  to  the  time  when  the 
unstable  waves  crossed  this  level.  Note  the  very  large  increase  in  the  amplitudes  of  u  and  especially  w 
at  all  frequencies.  This  amplitude  of  h-  increases  by  a  factor  of  15  to  30  at  2  x  10~2  Hz  compared 

to  periods  A  and  B. 

would  increase  the  mechanical  energy  production  term  by  the  same  amount  as  well  as 
the  shear  production  of  the  Reynolds  stress. 

Spectra  are  estimated  for  u,  w,  and  Tfor  the  periods  A,  B,  and  C  at  the  93-m  level. 
Figure  20  shows  spectra  for  period  A;  Figure  21  for  period  B;  and  Figure  22  for 
period  C.  The  main  difference  between  the  spectrum  estimated  for  A  and  that  for  B, 
appears  to  be  a  secondary  peak  in  the  spectrum  of  temperature  for  period  A,  oc- 
curring at  about  0.3  Hz.  The  difference  in  the  acoustic-sounder  record  between  A  and 
B  is  the  very  diffuse  layer  covering  the  93-m  level  during  A,  and  no  return  at  this 
level  during  B.  The  spectra  from  the  93-m  level  during  C,  when  the  undulating  layer 
appears  at  this  height,  shows  a  marked  change  from  the  spectra  during  A  and  B. 
The  peaks  of  u  and  w  occur  around  3  x  10~2  Hz  and  have  peak  amplitudes  of  20  and 
30  (m2  s-2)  Hz-1  respectively,  compared  to  about  0.3  and  0.1  (m2  s-2)  Hz-1  for  the 
previous  periods  at  the  same  frequency.  Similarly,  the  amplitude  of  the  temperature 
spectrum  is  much  higher  at  3  x  10-2  Hz,  than  during  either  period  A  or  B. 

5.  Conclusions 

From  this  study,  we  can  see  that  acoustic  echo  sounding  can  help  to  identify  atmo- 
spheric phenomena  and  aid  in  the  following: 
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(1)  Determination  of  averaging  times  for  estimates  of  turbulent  quantities,  for  a 
given  phenomenon,  particularly  in  the  stable  boundary  layer. 

(2)  The  study  of  the  mixed  layer  below  an  inversion. 

(3)  Aid  in  the  interpretation  of  spectral  estimates  by  knowing  when  the  phenomenon 
starts  and  stops  at  a  particular  level. 

In  addition,  the  effects  of  wave  phenomena  on  the  turbulent  quantities  in  the  stable 
boundary  layer  have  been  seen.  The  stable  wave  motion  is  horizontal;  it  generates 
almost  no  turbulence,  and  is  relatively  unimportant  in  the  transfer  of  heat  and  momen- 
tum in  the  vertical. 

In  contrast,  the  unstable  or  breaking  wave  has  a  strong  vertical  component,  and 
as  a  result,  this  type  of  wave  is  important  in  the  transport  of  heat  in  the  vertical  and 
horizontal,  and  momentum  in  the  vertical.  The  downward  and  horizontal  heat  fluxes 
are  orders  of  magnitude  greater  in  the  unstable  wave  than  the  stable  wave.  In  addition, 
because  of  the  increase  in  the  Reynolds  stress  production  through  the  shear,  the 
mechanical  production  of  turbulence  is  much  greater  than  for  the  stable  wave. 
Finally,  the  unstable  wave  can  be  one  of  the  mechanisms  for  the  intermittent  genera- 
tion of  high  frequency  fluctuations  in  the  stably  stratified  atmosphere. 
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When  comparing  the  sensitivities  of  atmospheric  sounders,  the  entire  system  must  be  considered  rather  than 
just  the  physical  phenomenon  causing  the  scattered  signal.  A  method  is  presented  for  the  systematic  comparison 
of  the  sensitivities  of  atmospheric  sounders.  The  method  is  illustrated  by  three  examples:  the  first  involves  the 
comparison  of  two  microwave  radars,  the  second  the  comparison  of  a  microwave  radar  with  an  acoustic  echo 
sounder,  and  the  third  the  comparison  of  two  continuous  wave  radars. 


1.  Introduction 

The  purpose  of  this  paper  is  to  present  a 
systematic  method  for  the  comparison  of  rela- 
tive sensitivities  of  different  types  of  atmos- 
pheric echo  sounders.  The  technique  is  illustrat- 
ed by  three  examples:  the  first  compares  the 
sensitivities  of  two  electromagnetic  sounders, 
the  second  compares  an  acoustical  and  electro- 
magnetic sounder,  and  the  third  compares  two 
continuous  wave  sounders.  The  comparison 
can  be  made  without  detailed  knowledge  of 
how  the  sounders  are  implemented. 

The  comparison  philosphy  used  here  is  that 
the  systems  should  be  operating  under  identical 
conditions  and  that  these  conditions  should  be 
as  close  to  the  normal  operating  conditions  as 
possible.  Thus,  the  systems  are  assumed  to  view 
the  same  atmospheric  target,  with  identical 
range  resolution,  for  the  same  length  of  time. 
The  length  of  time  the  target  is  viewed  could  be 
different  if  the  systems  had  scanning  capability, 
but  in  the  present  analysis  the  viewing  times  are 
assumed  equal. 

In  radar  measurements,  the  controlling  fac- 
tor is  the  ratio  of  the  peak  output  signal  power 
to  the  average  output  signal  power  to  the 
average  output  noise  power.  This  is  known  as 
the  output  signal-to-noise  ratio  (SNR),  and 
determines  the  probability  of  detecting  the  re- 
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turn  signal.  For  a  given  target,  the  output  SNR 
determines  the  sensitivity  of  that  particular 
sounder;  the  ratio  of  output  SNR  for  two 
systems,  viewing  the  same  target,  is  a  direct 
comparison  of  their  sensitivities. 

In  most  systems  the  interfering  signal  is 
Gaussian  additive  noise  and  is  assumed  to  have 
constant  spectral  density  across  the  passband 
of  the  receiver,  i.e.,  the  noise  is  white  Gaussian 
additive  noise.  It  is  well  known  that,  for  this 
type  of  noise,  the  optimum  receiver  (i.e.,  the 
receiver  that  maximizes  the  output  SNR)  is  a 
matched  filter,  and  the  maximum  output  SNR 
is  the  ratio  of  the  signal  energy  of  the  (two- 
sided)  spectral  density  of  the  noise.  Thus,  to 
determine  the  SNR,  it  is  sufficient  to  assume 
that  the  system  has  been  realized  in  an  opti- 
mum manner  and  then  make  adjustments  in 
this  SNR  for  known  departures  from  the  opti- 
mum receiver. 

In  Sec.  2,  the  output  SNR  of  the  receiver  is 
related  to  the  target  by  using  the  radar  equation 
and  the  matched  filter  concept.  The  compari- 
son equation  is  derived  by  forming  a  ratio  of 
output  SNR's.  In  Sec.  3,  we  compare  the  Wal- 
lops Island  radar  with  the  Institute  for  Tele- 
communication Sciences  FM-CW  radar,  while 
in  Sec.  4,  the  FM-CW  radar  is  compared  to  the 
Wave  Propagation  Laboratory  acoustic  soun- 
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der.  In  Sec.  5.  a  pseudo-noise  channel  sounder, 
used  in  a  backscatter  configuration  is  compared 
to  the  F'M-CW  sounder. 

2.  Output  Sigiial-to-\'oise  Ratio 

A  general  model  for  the  receiver  structure  of 
atmospheric  echo  sounders  is  given  in  Fig.  I. 
The  received  signal  is  .v(/)  and  the  noise  is  /;(/). 
In  almost  all  cases  of  interest,  the  noise  (which 
is  often  due  to  thermal  effects  in  the  first  active 
stage  of  the  receiver)  can  be  assumed  to  be  a 
white.  Gaussian  random  process.  In  acoustic 
sounding,  the  noise  is  due  to  random  acoustical 
noise  received  by  the  antenna  (Little.  1969). 
This  case  still  fits  the  model  in  Fig.  1  since  the 
acoustic  noise  is  (relatively)  wideband  Gaus- 
sian noise  and  can  be  assumed  to  have  a 
constant  spectral  density  over  the  passband  of 
the  receiver. 

The  integrator  components  in  Fig.  1  have 
man\  different  names.  Coherent  integration  is 
usually  performed  in  the  /  —  /  stage  and  hence 
is  sometimes  called  i  -  I  or  bandpass  integra- 
tion. Since  it  is  before  the  detector,  it  is  also 
sometimes  called  predetection  integration.  In- 
coherent integration  is  sometimes  called  video 
integration,  lowpass  integration,  or  postdetec- 
tion  integration.  As  a  general  rule,  coherent 
integration  is  the  more  effective  type  of  integra- 
tion, but  incoherent  integration  is  easier  to 
implement. 

The  coherent  integrator  which  maximizes  the 
output  SNR  is  a  matched  filter  (e.g..  Cooper 
and  McGillem.  1971).  The  SNR  out  of  the 
matched  filter  is  simply  the  ratio  of  signal 
energy  to  noise  spectral  density  and  is  inde- 
pendent of  signal  shape.  This  SNR  is  further 
increased  by  the  incoherent  integrator,  and  this 
increase  depends  on  the  type  of  target  and  on 
the  signal-to-noise  ratio.  DiFranco  and  Rubin 
(1968)  give  information  about  the  SNR  gain 
due  to  incoherent  integration  for  different  types 
of  fluctuating  targets.  For  rough  estimates  of 
radar  performance,  the  gain  due  to  incoherent 
integration  can  be  taken  as  the  square  root  of 


5(0_Q,  ^<r™;ion  — 


detect 

and 
sample 


the  number  of  samples  incoherently  integrated 
when  this  number  is  small.  As  this  number 
becomes  large,  a  better  approximation  can  be 
obtained  from  the  graph  on  p.  405  of  DiFranco 
and  Rubin  (1968).  To  develop  an  equation 
useful  for  comparison  purposes,  the  square  root 
of  the  number  of  samples  will  be  used,  but 
when  the  number  of  samples  is  larger,  one 
should  refer  to  DiFranco  and  Rubin  ( 1968). 

Thus,  the  SNR  out  of  the  incoherent  integra- 
tor of  Fin.  I  is 


SNR 


A/1 


Jl*l,)d'-  (1) 


■Vo 


where  M  is  the  number  of  samples  incoherently 
integrated.  V0  is  the  (two-sided)  noise  spectral 
density,  and  T  is  the  coherent  integration  time. 
For  most  sounders.  T  is  approximately  the 
reciprocal  of  the  receiver  bandwidth. 

The  signal-to-noise  ratio  of  Eq.  (1)  can  be 
rewritten  in  terms  of  received  power  as  in  Eq. 
(2): 


SNR  = 


A/'  277? 


(2) 


where  P  is  the  received  power  averaged  over  T 
(this  is  commonly  referred  to  as  peak  power  m 
pulse  systems).  The  radar  equation  can  be  used 
to  relate  Ps  to  the  radar  target.  The  assumptions 
used  are  that  the  antenna  has  effective  area  A 
with  an  idealized  circular  beam  and  that  the 
resolution  cell  is  filled.  If  P  is  the  transmitted 
peak  power,  rj  is  the  radar  cross-section  per  unit 
volume.  A  is  the  range  resolution  cell,  and  R  is 
the  ranee  to  the  target. 


PAtjS 
AttR1  ' 


(3) 


This  yields  for  the  output  signal-to-noise  ratio 


SNR 


A/1  2TPAii± 
47r/?2.V0      ' 


(4) 


Fig.  1.  Receiver  structure. 


Equation  (4)  assumes  that  the  coherent  inte- 
grator is  a  matched  filter  and  that  the  signal 
propagates  without  loss.  In  practical  applica- 
tions this  may  not  be  the  case:  hence,  the 
signal-to-noise  ratio  will  be  degraded  and  these 
degradations  must  be  taken  into  account. 
Therefore,  two  additional  terms  must  enter  into 
Eq.   (4).   a   loss    term    and   a   departure   from 
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mulched  tiller  term.  I. el  L  denote  attenuation 
in  the  two-waj  path  and  /  denote  fraction  of 
mulched  tiller  performance.  Both  terms  are 
between  zero  and  unity.  Thus  Eq.  (4)  becomes 

/.V/'  iTPAnl\       < 

SNR=(      4^V„      )L"  <5» 

I  he  sensitiv  il\  of  sounder  No.  1  compared  to 
sounder  No.  2  is  readilv  found  b\  forming  a 
ratio  of  output  signal-to-noise  ratios.  A  mean- 
ingful comparison  of  the  signal-to-noise  ratios 


Co  = 


SNR^ 

SNR, 


(6) 


requires  that  the  sounders  view  the  same  target 
with  the  same  ranue  resolution.  In  this  case. 


1:~  \ui)  T.piz^ywj  mv  (7) 


where  the  parameters  of  sounder  No.  I  have 
been  indexed  bv  1  and  those  of  sounder  No.  2 
bv  2. 

It  is  convenient  to  express  Ci2  logarithmical- 
ly. When  this  is  done,  the  comparison  of  sensi- 
tivity becomes 


{Cnh 


lriJdB  +  uJdt 


(8) 


where  the  (  )dB  denotes  10  log  of  the  term  inside 
the  parentheses. 

Equation  (8)  was  derived  for  the  monostatic 
case  of  collocated  receiver  and  transmitter.  If, 
in  a  bistatic  situation,  the  two  transmitting  and 
two  receiving  beamwidths  are  equal  and  a 
common  geometry  is  assumed,  the  trigonomet- 
ric factors  common  to  the  numerator  and  de- 
nominator of  Eq.  (6)  will  cancel.  Thus.  Eq.  (8) 
will  remain  valid  for  the  bistatic  situation  pro- 
vided that  any  required  change  in  the  radar 
cross  section  term  is  taken  into  account.  The 


examples  presented   here  are  in  each  case  lor 
the  monostatic  situation. 

In  comparing  acoustic  and  electromagnetic 
probing  systems,  account  must  be  taken  of  ihe 
differences  in  the  scattering  efficiencies  of  the 
atmosphere  for  the  two  tvpes  of  waves  As  has 
been  stressed  bv  Little  (1969).  acoustic  waves 
are  scattered  much  more  slrong.lv  than  radio 
waves,  the  scattering  cross  sections  often  being 
man)  orders  of  magnitude  larger  in  the  acous- 
tic case  than  in  the  microwave  case.  We  turn 
first  to  a  comparison  of  the  acoustic  and  micro- 
wave scattering  cross  sections  of  gaseous  fluc- 
tuations in  atmospheric  refractive  index,  and 
then  to  the  scatter  of  microwaves  and  acoustic 
waves  by  hydrometeors. 

2.1  Scatter  of  Acoustic  Waves  and  Radio  W'a»es  b\  a 
Nonhomogeneous  Gaseous  Atmosphere 

Atmospheric  turbulence,  whether  produced 
dynamically  by  the  flow  of  air  over  a  rough 
surface  or  convectively  by  solar  heating  of  the 
ground,  results  in  localized  fluctuations  in  at- 
mospheric parameters  such  as  temperature,  hu- 
midity, and  velocity.  These  localized  variations 
in  atmospheric  conditions  correspond  to  fluc- 
tuations in  local  refractive  index  for  electro- 
magnetic and  acoustic  waves.  The  resultant 
three-dimensional  field  of  refractive  index  is 
most  conveniently  expressed  in  terms  of  the 
three-dimensional  spectrum  of  acoustic  or  mi- 
crowave refractivity,  i.e.  the  intensity  (power) 
of  the  refractive  index  fluctuations  as  a  func- 
tion of  spatial  wavelength  and  direction. 

A  radar  wave  traversing  such  an  irregular 
medium  is  weakly  scattered  by  the  fluctuations 
in  refractive  index.  As  shown  by  Booker  and 
Gordon  (1950),  the  radar  waves  are  sensitive 
only  to  that  Fourier  component  of  the  refrac- 
tivity spectrum  which  meets  the  Bragg  condi- 
tion for  scatter  from  periodic  structures.  The 
corresponding  acoustic  and  microwave  scatter- 
ing cross  sections  will  be  given  by 


o„(9)  =  2irk\os29<l>a\2k  sin<0/2)]. 
a,(9)  =  2irA4sin2x<t>,[2A  sin</^2)). 


(9) 


where  4tto0(9)  and  4rrar(9)  are  the  scattering 
cross  sections  for  acoustic  and  radio  waves,  as 
a  function  of  scatter  angle  9.  The  terms 
<t>,(2A :  sin(0/2)]    and    4>r(2A sm(0  2 )]    are    the 
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spectral  intensities  of  the  acoustic  and  radio 
refractive  index  fluctuations  at  the  spatial  num- 
ber 2k  sin(0  2).  this  being  the  spatial  wave 
number  at  which  a  bistatic  radar,  of  wave 
number  k  =  2-z  \.  is  sensitive  when  operating 
at  a  scatter  angle  9.  The  cos20  and  sin2x  terms 
in  the  two  equations  result  from  the  differing 
polarizations  of  the  two  kinds  of  waves.  The 
longitudinally  polarized  acoustic  wave  produc- 
es no  scatter  at  a  scatter  angle  of  90°:  the 
transversely  polarized  electromagnetic  wave 
produces  no  scatter  if  the  polarization  angle  x 
(the  angle  between  the  scattered  wave  direction 
and  the  electric  held  vector  in  the  incident 
wave)  is  zero.  The  symbols  oa  and  ar  denote  the 
fraction  of  the  incident  power  scattered,  per 
unit  volume,  per  unit  solid  angle,  in  a  direction 
0  relative  to  the  incident  direction  and.  in  the 
electromagnetic  case,  at  a  polarization  angle  x- 
At  the  acoustic  and  microwave  wavelengths 
normally  used  in  atmospheric  studies,  the  tur- 
bulence is  usually  thought  to  be  in  the  Kolmo- 
gorov  inertial  subrange  and.  therefore,  locally 
homogeneous  and  isotropic.  Under  such  cir- 
cumstances, it  is  convenient  to  describe  the 
refractivity  fluctuations  in  terms  of  the  struc- 
ture constant  of  the  refractivity  C„.  defined  by 


D„(r)  =      n(.x)  -  n(x  +  r)*\ 
=  C2r2\ 


(10) 


where  D„{r)  is  the  structure  function  of  the 
refractivity  and  describes  the  way  in  which  the 
mean  square  difference  in  refractivity  between 
two  test  points.  \  and  v  +  r.  varies  as  a  func- 
tion of  their  spacing.  /•.  The  indicated  average  is 
over  the  possible  realizations  of  refractive  in- 
dex. Thus,  for  a  Kolmogorov  spectrum  of  tur- 
bulence. G,  is  the  rms  difference  in  refractive 
index  at  two  points  unit  distance  apart. 

For  radiowaves.  the  refractivity.  N.  of  air  is 
given  by 

S  =  (77.6   T)[P  +  4Sl0e/T],         (11) 

where  V  =  («  -  1 )  •  106.  n  =  refractive  index. 
T  =  absolute  temperature  in  Kelvins,  and  e 
and  P  are.  respectively,  the  partial  pressure  of 
water  vapor  and  the  total  pressure  of  the  air  in 
mbars.  Thus  we  see  that,  at  microwave  frequen- 
cies, the  refractive  index  fluctuations  are  pri- 
marily due  to  local  fluctuations  in  temperature 


and /or  water  vapor.  It  is  therefore  convenient 
to  look  at  these  fluctuations  separately  in  terms 
of  the  structure  constants  for  temperature  C7 
and  for  humidity  C,.  defined  by 


DT(r)  =      T(x)  -  T{.\  +  r)2  ■„ 

=  Or23. 
Dt(r)  =      e(.\)  -  c(x  +  r)2  n 

=  C2r2i. 


(12) 


For  typical  surface  air  conditions  (T  =  288°. 
P  =  10l3mbar.t'  =   lOmbar.) 


and 


C„.,  =  1.26  x  I0"6  if 

CT  =  I  kelvin  meter  '  \ 

C„,r  =  4.50  x  10-"  if 

Ce  =  1  mbar  meter-1  3  . 


(13) 


(14) 


(The  C„  values  will  vary  slightly  from  these 
values  as  the  mean  atmospheric  temperature  or 
pressure  is  changed.) 

For  acoustic  waves,  because  of  the  much 
stronger  dependence  of  the  phase  velocity  of 
sound  on  atmospheric  temperature  and  humid- 
ity, we  have 


C„  =  1720  x  10"6if 
CT  =  1  kelvin  meter"1  3. 

f„,  =  138  x  10-6if 
Ce  =  1  mbar  meter-1  3  . 


(15) 


In  addition,  the  acoustic  refractive  index 
(unlike  the  electromagnetic  refractive  index)  is 
affected  by  the  wind  velocity  or.  more  specifi- 
cally, by  the  component  of  the  wind  velocity 
along  the  acoustic  ray  path.  Hence,  in  the 
presence  of  turbulence,  the  acoustic  refractive 
index  of  the  medium  will  be  nonuniform  (even 
if  no  temperature  or  humidity  fluctuations  ex- 
ist): moreover,  the  acoustic  refractive  index 
field  is  a  function  of  direction  from  which  the 
medium  is  viewed. 

Defining 


C:  =  ^v)-»(.v  +  r)j-  (16) 
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where  //  is  the  velocity  of  the  component  of  the 

wind  in  the  +.\  direction  at  a  position  x.  r  is 
measured  along  the  x  axis,  and  the  bar  denotes 
the  time-averaged  value,  then 


CM  =  4000  x  l0_6cos2(fl/2)  for 
C,  =   I  msec"1  m"1  3 


(17: 


The  corresponding  formulae  for  the  scattering 
cross  sections  in  the  inertial  subrange  of  a 
Kologorov  spectrum  of  velocity,  temperature, 
and  humiditv  fluctuations  are 


oj6) 

=  0.0I6A'  Jcos20[sin(0/2)]-"  5G,2U, 
<M0) 

=  0.0 1 6A  '  Jsin2X(sin<0/2)]-"  }C2r. 
where 

CL  =  M.85§j  cos2 (9  2)  + 


(18) 
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4T2 


0.02  C,2  "1 
P1      J 


(19) 


and 


Cl,  =  [1.59C7  +  20. \C})  x  lO"12.     (20) 


In  these  expressions,  it  has  been  assumed 
that,  on  the  spatial  scale  [2A  sin(0/2)]~'.  the 
velocity,  humidity,  and  temperature  fields  are 
uncorrected  and  that  the  total  scattered  power 
is  therefore  the  sum  of  the  power  scattered 
from  the  separate  refractive  index  fluctuation 
fields. 

The  scattering  cross  sections  for  acoustic 
waves  and  for  microwaves  are  proportional  to 
(C„.d)2  and  (G, )2.  respectively.  Hence,  for  tem- 
perature fluctuations  alone,  assuming  that  the 
two  radars  operate  on  the  same  wavelength. 


(T),      TJ, 


_/        10"       \ 

)T       \l.59x47-2/ 

=  63  dB. 


2  x  I06 


(21) 


SimilarK.  for  humiditv  fluctuations  alone. 


'<■*-  {M$h)~>*«> 
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For  a  Kolomogorov  spectrum  of  turbulence, 
the  scattering  cross  sections  are  proportional  to 
A1  3.  If  the  wavelength  of  sounder  No.  I  is  A, 
and  of  sounder  No.  2  is  A2.  the  scattering  cross 
section  will  require  an  additional  term 

m 

or  I  dB  per  two-fold  diflerence  in  wavelength. 

2.2  Scatter  of  Acoustic  and  Radio  Waves 
by  Hydrometeors 

The  above  discussion  dealt  with  the  scatter- 
ing cross  section  of  gaseous  atmosphere  result- 
ing from  random,  small-scale  fluctuations  in 
refractive  index  produced  by  localized  fluctua- 
tions in  temperature,  humiditv.  or  velocity.  We 
turn  now  to  the  case  of  the  per-unil-volume 
reflectivity  of  the  atmosphere  due  to  hvdrome- 
teors  (i.e..  when  the  rain.  snow.  hail,  cloud,  or 
fog  particles  are  present). 

The  radar  reflectivity  of  hydrometeors  for 
microwaves  and  for  acoustic  waves  have  been 
compared  by  Little  ( 1972).  For  the  normal  case, 
in  which  the  operating  wavelength  is  large 
compared  with  the  hydrometeor  diameter,  the 
(backscatter)  radar  reflectivities  per  unit  vol- 
ume are  given  by 


"-WE,""'- 


Vo 
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36  A' 


(23) 


=  30  dB. 


where  2^  D6  represents  the  sum  over  the  range 
cell  of  the  diameter  of  each  drop  raised  to  the 
sixth  power  and  K  2  =  (m2  -  I  )/(m2  +  2)2. 
where  m  is  the  complex  refractive  index  of  the 
hydrometeor  to  microwaves,  i.e..  m  =  /;,  -  in2 . 
In  each  case,  we  see  the  Rayleigh  A"4  depend- 
ence typical  of  scatter  of  energy  by  particles 
small  compared  with  the  wavelength:  in  both 
cases  the  echo  power  is  proportional  to  2i  Db 
The  acoustic  radar  cross  section  of  small 
water  spheres  is  essentially  independent  of 
whether  the  water  is  solid  or  liquid.  For  micro- 
waves, K2  is  of  the  order  0.9  for  liquid  water 
and  0.2  for  ice.  Substituting  these  values,  we 
find  that  the  ratio  of  radar  reflectivity  of  h>- 
drometeors  for  acoustic  waves  and  microwaves 
of  the  same  wavelength  is 
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(r)„    rj, )  water  =  0.77 


dB.       (24) 


and 


(la 


3.5 


+  5  dB. 


(25! 


If  the  radars  differ  in  wavelength,  then  an 
additional  correction  term 


mi 


is  required,  where  A,  is  the  wavelength  of  the 
sounder  No.  1  and  A:  the  wavelength  of  soun- 
der No.  2.  In  this  case,  a  two-fold  difference  in 
wavelength  will  result  in  an  additional  ±12  dB 
correction  to  the  relative  scattering  cross  sec- 
tion. 

In  order  to  make  a  comparison  of  the  relative 
sensitivity  of  two  different  sounders,  it  is  neces- 
sary to  determine  the  numerical  values  of  each 
of  the  eight  terms  in  Eq.  (8).  This  is  done  in  the 
next  section  in  a  comparison  of  the  relative 
sensitivity  of  two  electromagnetic  sounders.  In 
Sec.  4  an  electromagnetic  sounder  and  an 
acoustic  sounder  are  compared:  in  Sec.  5.  two 
continuous-wave  microwave  sounders  are  com- 
pared. 

3.  Comparison  of  Two  Electromagnetic 
Sounders 

In  this  section  the  sensitivity  of  the  S-band 
radar  at  the  Radar  Atmospheric  Research  Fa- 
cility on  Wallops  Island  (WI)  is  to  be  compared 
to  the  sensitivity  of  the  Institute  for  Telecom- 
munication Sciences  (ITS)  FM-CW  radar 
which  the  first-named  author  has  worked  with 
extensively.  The  parameters  for  the  two  systems 
are  given  in  Tables  1  and  2. 

The  terms  of  Eq.  (8)  can  now  be  found.  The 
two  sounders  will  be  compared  over  a  time  of 
100  msec,  since  this  is  the  basic  period  of  the 

TABLE  1 

Parameters  for  Wallops  Island  S-Band  Pulse  Radar 
(Cox.  1969) 


Frequency 
Peak  power 
Pulse  width 
Pulse  repetition  rate 
Noise  figure 
Antenna  diameter 


2.7  -  2.9  GHz 

3  MW 
0.1  -  1.3  jxsec 
320  pps 
4dB 
60  ft 


TABLE  2 
Parameters  for  ITS  FM-CW  Radar 


Frequency  range  (max) 

Power  (avg.  or  peak) 

Sweep  duration 

Effective  noise  temperature 

Antenna  diameter 

Sweep  repetition  frequency 


2.9  -  3.1  GHz 

200  W 
50  msec 

I000GK 
10  ft 
10  sec   ' 


FM-CW  radar.  In  0.1  sec  the  WI  radar  incoher- 
ently integrates  32  pulses,  while  the  FM-CW 
radar  integrates  I  sweep.  Since  the  comparison 
is  the  WI  radar  with  respect  to  the  FM-CW 
radar,  the  incoherent  integration  term  is 


2\  1  L 


+  7  dB.     (26) 


where  the  subscripts   1   and  2  denote  the  WI 
radar  and  the  FM-CW  radar,  respectively. 

The  coherent  integration  term  can  be  found 
by  assuming  that  the  pulse  length  of  the  WI 
radar  is  1  /isec  or  the  range  cell  is  150  m.  From 
Table  2.  the  coherent  integration  time  for  the 
FM-CW  radar  is  50  msec  since  the  range 
resolution  is  changed  by  changing  the  frequen- 
cy range  rather  than  signal  length.  Therefore 


\T2)dB       {  0.05  jd 


=  -47  dB.      (27; 


The  power  term  can  be  found  directly  from 
Tables  1  and  2. 


/M  /3x  10*  \ 

\Pi)M       \     200     Ab 


+42  dB.      (28) 


The  antenna  term  can  also  be  found  from 
Tables  1  and  2.  with  the  assumption  that  the 
antenna  efficiencies  are  equal.  Thus,  the  anten- 
na term  is  given  by  a  ratio  of  the  physical  areas 
of  the  antennas.  Since  the  FM-CW  radar  uses 
both  a  transmitting  and  a  receiving  antenna,  it 
is  possible  for  the  efficiency  to  be  small  if  the 
overlap  between  the  patterns  is  small.  Here,  we 
assume  that  the  antennas  have  been  well  ad- 
justed for  the  range  of  interest  and  hence.  an> 
loss  due  to  non-overlapping  patterns  is  negligi- 
ble. 


V^L     [A  io)l 


+  16  dB.    (29) 


The  radar  cross-section  term  is  zero  decibels 


330 


since  the  radar  cross  sections  per  unit  volume 
for  the  two  sounders  are  identical. 


(»). 


(DdB  =  0  dB. 


(30) 


The  receiver  noise  term  can  be  found  by 
converting  the  noise  figure  for  the  WI  radar  to 
effective  noise  temperature,  since  the  noise  tem- 
perature of  the  FM-CW  radar  is  given.  Using 
the  standard  relation  betwen  noise  figure.  Nf, 
(in  numbers)  and  noise  temperature,  Tk. 


Tk  =  {N,-  1)290°=  440°  K 


(31) 


Then    since    the    noise    spectral    densities    are 
directly  related  to  noise  temperature. 


■(*).--(«). -**■<» 


Since  both  sounders  are  electromagnetic,  the 
loss  terms  will  be  small  and  equal.  Therefore 
the  loss  term  is 

(fe).  "  (t).  "  ° dB-     ,33» 

It  is  realistic  to  assume  that  the  receiver  for 
the  WI  pulse  radar  approaches  a  matched  filter 
and,  thus.  /,  is  unity.  Since  the  output  of  the 
coherent  integrator  for  the  FM-CW  radar  is 
bandpass  rather  than  lowpass, /2  is  0.5. 

(£).-(®L-«*  <*> 

Adding  these  terms  gives  +24  dB,  or  the  WI 
radar  is  24  dB  more  sensitive  than  the  FM-CW 
radar  when  the  range  resolution  is  150  m.  If  the 
range  resolution  requirement  is  15  m.  the  co- 
herent integration  time  of  the  WI  radar  is 
reduced  by  a  factor  of  ten  while  all  other 
parameters  remain  the  same.  The  comparison 
then  shows  that  the  WI  radar  is  14  dB  more 
sensitive  than  the  FM-CW  radar.  The  compar- 
ison is  summarized  in  Table  3. 

Two  things  should  be  kept  in  mind  when 
considering  Table  3.  First,  returns  from  the 
range  at  which  the  WI  radar  normally  operates 
are  so  small  that  large  range  cells  are  required 
to  provide  the  spatial  integration  required  to 
detect  these  small  signals.  Thus,  the  compari- 
son at   15  m  resolution  may  not  be  realistic. 


Table  3 

Sensitivity  of  Wallops  Island  Radar 
with  Respect  to  the  FM-CW  Radar 


Range  Resolution 


Cn 


150  m 
15  m 


+  24  dB 
+  14  dB 


Second,  the  FM-CW  radars  described  in  Bean 
et  al.  (1971)  and  Richter  (1969)  have  minimum 
detectable  signals  which  range  8  -  20  dB 
above  that  predicted  by  theory.  In  the  absence 
of  information  on  the  exact  causes  of  this  loss 
in  sensitivity,  it  is  not  possible  to  predict  a 
number  to  use  in  the  comparison  equation.  For 
this  reason  and  since  different  equipment  reali- 
zations may  result  in  a  smaller  (or  larger)  value 
for  this  degradation,  this  loss  has  not  been 
considered  in  this  comparison  or  the  compari- 
son to  follow. 

In  the  next  section,  a  more  difficult  compari- 
son is  undertaken,  namely,  the  comparison  of 
an  acoustic  system  and  an  electromagnetic  sys- 
tem. 

4.  Comparison  of  Acoustic  and  Electromag- 
netic Atmospheric  Sounders 

Here  the  sensitivity  of  the  Wave  Propagation 
Laboratories'  (WPL)  acoustic  sounder  is  com- 
pared with  the  FM-CW  radar.  The  parameters 
for  the  pulsed-type  acoustic  sounder  are  given 
in  Table  4.  These  values  for  pulse  width  and 
pulse  repetition  frequency  result  in  a  maximum 
range  of  170  m  and  a  range  resolution  cell  of 
1.7  m  for  short  range  work,  or  a  maximum 
range  of  1.7  km  at  a  range  resolution  of  17  m 
for  longer  range  work. 

The  sensitivity  of  the  FM-CW  radar  with 
respect  to  that  of  the  acoustic  sounder  operat- 
ing in  the  short  range  mode  will  first  be  calcu- 
lated, using  the  acoustic  repetition  period  of  1 
sec  as  the  measuring  period.  During  this  time 
the  FM-CW  radar  incoherently  integrates  10 
samples  while  the  acoustic  sounder  receives  1 
pulse.  The  incoherent  integration  term  there- 
fore is 


U).-iW.-'«    '»: 


The  coherent  integration  time  of  the  FM-CW 
radar   is.   as   before.    50   msec.    The   coherent 
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Table  4 

Acoustic    Sounder     Parameiers    (Freeman 
communication) 


Hall,     private 


Short  Range 

Long  Range 

Mode 

Mode 

Peak  Power 

I0W 

30  W 

Pulse  Width 

10  msec 

100  msec 

Pulse  Repetition  Frequency 

1  sec  ' 

0.1  sec  ' 

Carrier  Frequency 

4  kHz 

2  kHz 

Antenna  Diameter 

1.22  m 

1.22  m 

Efficiency  Factor 

0.1 

0.1 

Receiver  Bandwidth 

100  Hz 

30  Hz 

System  Noise  (above 

kTB) 

10  dB 

10  dB 

integration  time  of  the  acoustic  sounder  is  the 
reciprocal  of  the  receiver  bandwidth,  or  10 
msec.  The  coherent  integration  term  is 

G).-(SBi).-'«  <*• 

The  transmitted  power  term  is  found  by 
referring  to  the  sounder  specifications  for  trans- 
mitted power.  This  term  is 


The  antenna  term  can  be  found  as  easily. 
The  geometrical  collecting  areas  are  in  the  ratio 
(D|  D2)2 :  in  addition,  the  acoustic  transducer 
has  an  efficiency  of  only  0.1  compared  with  the 
unity  efficiency  of  the  microwave  transducer. 
The  term  for  the  effective  collecting  areas  is 
therefore 


Ul/dB         U:/dB 


+  10  =  +18  dB.     (38) 


The  radar  cross  section  term  is  dependent  upon 
the  nature  of  the  source  of  the  refractive  index 
fluctuations.  For  a  Kolmogorov  spectrum  of 
temperature  fluctuations,  as  indicated  above. 


(*).- 


-63  dB. 


(39) 


The  noise  level  of  the  acoustic  sounder  is  10  dB 
and  thus  the  effective  noise  temperature  is 
approximately  3000° K.  The  FM-CW  sounder 
has  an  effective  noise  temperature  of  approxi- 
mately I000°K.  The  noise  level  term  therefore 
is 


WdB    = 


+  5  dB. 


(40) 


The  loss  term  is  dependent  upon  atmospheric- 
conditions  because  of  the  strong  variation  of 
acoustic  absorption  with  humidity.  For  the 
frequencies  and  ranges  postulated,  a  figure  of 
10  dB  is  appropriate  for  the  acoustic  sounder: 
the  absorption  for  the  microwave  radar  is  neg- 
ligible. Hence. 


UDdB       U-l/d 


+  10  dB.      (41  ) 


The  departure  from  matched  filter  perform- 
ance can  be  estimated  in  exactly  the  same 
manner  as  in  Sec.  3.  In  fact,  the  same  numbers 
can  be  used: 


U/dB  (l-0Jd 


-3  dB. 


(42) 


When  these  terms  are  added,  the  result  is 
-8  dB,  or  the  sensitivity  of  the  FM-CW  soun- 
der to  temperature  fluctuations  is  8  dB  below 
that  of  the  acoustic  sounder  for  the  short-range 
mode  of  operation.  Considering  now  humidity 
fluctuations  instead  of  temperature  fluctua- 
tions, the  cross-section  term  becomes 


(*). 


-30  dB. 


(43) 


(instead  of  -63  dB):  for  humidity  fluctuations, 
the  FM-CW  sounder  is  therefore  25  dB  more 
sensitive  than  the  acoustic  echo  sounder. 

For  the  1.7  km  range.  17  meter  range  resolu- 
tion, long-range  mode  of  operation,  the  relative 
sensitivities  may  be  shown  to  be 

,         /SNR,\ 
for  temperature  echoes  I  FxiR     ) 

=  -13  dB. 

for  humidity  fluctuations 

=  +20  dB. 

Considering  now  the  case  of  hydrometeors. 
the  relative  sensitivity  of  the  FM-CW  and 
acoustic  echo  sounder  (with  the  latter  operating 
in  the  short-range  mode)  can  be  shown  to  be  as 
summarized  in  Table  5. 
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Table  5 

Analysis  of  Relative  Sensitivity  of  FM-CW  and 

Acoustic         Sounders        When         Viewing 

Hydrometeors 

+  5dB 

+  7dB 

+  13  dB 

+  18  dB 

-  8  dB 

-  2dB 
+  5dB 

+  20  dB 
+  10  dB 
-3dB 
+  57  dB 
+  53  dB 


Incoherent  integration  term 

Coherent  integration  term 

Transmuted  power  term 

Antenna  term 

Radar  cross  section  term  (snow) 

Radar  cross  section  term  (rain) 

Noise  level  term 

Loss  term  (snow) 

Loss  term  (rain) 

Matched  filter  term 

Resultant  relative  sensitivity  (snow) 

Resultant  relative  sensitivity  (rain) 


In  deriving  the  values  given  in  Table  5.  the 
first  four  terms  are  as  for  atmospheric  echoes. 
The  relative  scattering  cross-sections  are  as 
indicated  in  Sec.  2  and  include  allowance  for 
the  difference  in  wavelength.  The  noise  levels 
are  assumed  unchanged  by  the  presence  of 
precipitation:  any  increase  of  ambient  acoustic 
noise  level  during  precipitation  would  produce 
a  corresponding  degradation  of  the  relative 
performance  of  the  acoustic  echo  sounder.  The 
loss  term  is  assumed  unchanged  during  rain, 
but  is  assumed  increased  by  10  dB  during  snow 
to  allow  for  the  known  increase  of  attenuation 
associated  with  the  lower  absolute  humidity  at 
the  lower  temperatures. 

We  see  that  the  present  FM-CW  sounder  is 
some  53  dB  to  57  dB  more  sensitive  to  hy- 
drometeors than  the  present  acoustic  echo 
sounder,  depending  upon  whether  the  hydrom- 
eteors are  solid  or  liquid. 

However,  in  considering  this  comparison, 
one  should  keep  in  mind  that  the  FM-CW 
radar  may  have  a  sensitivity  significantly  less 
than  that  of  the  matched  filter.  (See  the  para- 
graph preceding  Table  3.) 

5.   Comparison   of  Two   Continuous-Wave 
Sounders 

In  this  section  we  compare  the  FM-CW 
sounder  with  a  pseudonoise  continuous-wave 
(PN-CW)  sounder,  when  both  are  viewing  the 
clear  atmosphere.  The  specific  PN-CW  sounder 
used  for  this  comparison  is  the  Institute  for 
Telecommunication  Sciences  wideband  tropo- 
shenc  channel  sounder  operated  in  a  monostat- 


ic  mode.  Since  the  PN-CW  sounder  has  a  100'v 
duty  cycle,  separate  transmitting  and  receiving 
antennas  must  be  used  and  here  the  antennas 
are  assumed  identical  to  those  used  for  the  FM- 
CW  sounder. 

The  PN-CW  sounder  transmits  a  signal  with 
the  phase  coded  according  to  a  pseudo-noise 
sequence  which  is  sometimes  called  a  pseudo- 
random sequence  or  a  shift  register  sequence. 
Here  we  will  consider  binary  sequences  and 
thus  the  phase  of  the  carrier  is  either  0°  or  180' 
depending  on  the  current  value  of  the  sequence. 
Binary  pseudonoise  sequences  are  easily  gener- 
ated by  an  n  stage  shift  register  with  appropri- 
ate feedback,  and  if  the  sequence  is  a  maximal 
length  sequence,  it  will  have  2"  -  I  binary 
symbols  or  bits  before  it  repeats.  Since  the 
number  of  stages  in  the  shift  register  can  be 
fairly  large  (a  common  value  of  /( is  10  for  some 
communication  applications),  the  sequences 
can  be  extremely  long  and  hence  the  coherent 
integration  time  for  the  PN-CW  sounder  can  be 
large. 

Since  we  desire  to  compare  the  two  sounders 
having  equal  range  resolution,  it  is  necessary  to 
specify  the  bit  length  from  the  equation  for 
range  resolution  A, 


A  = 


Ct 


_C 

IB' 


(44) 


where  t  is  the  bit  time  length  and  B  is  the 
transmitted  signal  bandwidth.  We  will  assume 
an  electromagnetic  signal,  but  this  would  also 
apply  for  acoustic  signals.  Assuming  a  A  of  15 
m,  t  must  be  100  nsec  and  B  must  be  10  MHz. 
The  coherent  integration  time  is 


T  =  t(2" 


I). 


(45) 


and  a  shift  register  of  9  stages  will  yield  a 
coherent  integration  time  of  approximately  50 
(usee.  The  coherent  integrator,  in  this  case,  is 
not  a  matched  filter,  but  rather  a  correlator 
with  a  delayed  version  of  the  pseudonoise  se- 
quence as  a  reference  signal.  The  processing 
here  is  also  done  simultaneously  in  the  quadra- 
ture channel  so  that  there  are  actually  two 
correlators,  which  are  realized  by  inexpensive 
components. 

Several  coded  CW  sounders  have  been  de- 
scribed in  the  literature  (Barrow  et  al..  1969: 
Reid.  1969).  All  CW  sounders  have  the  prob- 
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lem  of  signal  leakage  from  the  transmitter 
antenna  to  the  receiver.  The  easiest  way  to 
solve  this  problem  is  to  operate  in  the  bistatic 
mode  as  described  by  Barrow  et  al.  (1969).  In 
the  FM-CW  radar  the  leakage  signal  is  dis- 
placed in  frequency  from  the  return  signal  and 
can  be  filtered  out.  but  this  is  not  the  case  with 
the  PN-CW  sounder.  Another  way  of  solving 
the  problem  is  to  achieve  as  much  isolation  as 
possible  and  then  coherently  cancel  as  much  of 
the  leakage  as  possible.  It  is  possible  to  achieve 
transmitter  to  receiver  isolation  of  up  to  160 
dB  using  separate  antennas  in  conjunction  with 
a  cancellation  method  (Nathanson,  1969). 
However,  if  the  processor  is  linear,  as  is  the 
case  here,  the  correlator  will  significantly  re- 
duce the  direct  leakage  signal.  For  the  sounder 
described  here,  the  direct  leakage  signal  power 
at  the  output  is  reduced  by  54  dB  with  respect 
to  an  equal  power  signal  to  which  the  correlator 
is  matched.  In  addition,  the  output  due  to  the 
leakage  signal  is  a  constant  and  simply  biases 
the  output  slightly.  Thus,  the  only  requirement 
on  the  leakage  signal  is  the  same  as  for  the  FM- 
CW  sounder,  i.e.,  the  leakage  signal  must  not 
saturate  the  r  -  /amplifier.  This  requirement  is 
easy  to  achieve  with  shielded  antennas. 

Pertinent  information  on  the  ITS  PN-CW 
sounder  is  given  in  Table  6.  The  first  author  has 
worked  with  this  sounder.  Since  it  is  assumed 
that  the  PN-CW  sounder  and  FM-CW  sounder 
use  identical  antennas,  the  antenna  parameters 
do  not  enter  into  the  comparison.  Also,  since 
the  two  sounders  have  nearly  identical  receiver 
noise  temperatures,  the  receiver  noise  does  not 
enter  into  the  comparison.  Since  both  sounders 
are  electromagnetic,  the  comparison  equation 
reduces  to 

(Cl2)dB    =    H^)dB+U)dB 

3U/dB' 

where  the  FM-CW  sounder  is  indexed  by  1  and 
the  PN-CW  sounder  by  2. 

The  coherent  integration  time  for  the  FM- 
CW  sounder  is  the  sweep  duration,  50  msec, 
while  the  coherent  integration  time  of  the  PN- 
CW  sounder  is  the  length  of  the  pseudonoise 
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TABLE  6 

PN-CW  Parameters 

Transmitted  power 

1  kW 

Receiver  noise  temperature 

1000°K 

Range  resolution 

15  m 

Code  length  (511  bits) 

51.1  /xsec 

Center  frequency 

2.17  GHz 

code,  which  is  approximately  50  /isec.  Hence, 
the  coherent  integration  term  is 


(t)      =(tF^)      =+30    dB. 
V^/dB       V50xl06/dB 


(47) 


The  comparison  is  made  over  0.1  sec  which 
is  the  basic  time  interval  of  the  FM-CW  soun- 
der, so  during  this  time,  the  FM-CW  sounder 
incoherently  integrates  one  sweep  output.  Dur- 
ing the  same  time  interval,  the  PN-CW  sounder 
incoherent  integrates  2000  outputs,  i.e.,  in  a  0.1 
sec  interval  there  are  2000,  50  joisec  subintervals. 
Hence,  the  incoherent  integration  term  is 


2\A/2/dB       2V2000/dB 


16  dB.     (48) 


The  power  term  is  found  in  a  straightforward 
manner. 


(PA     =(2M\     = 
\P2)dB       VlOOOAe 


-7  dB.      (49) 


The  departure  from  matched  filter  term  can 
be  found  by  recalling  that  an  ideal  FM-CW 
sounder  is  3dB  below  the  matched  filter  and 
observing  that  Nathanson  (1969)  stated  that 
practical  PN  sounders  have  sensitivities  ap- 
proximately 2  dB  below  the  matched  filter.  The 
departure  from  matched  filter  term  is  given  by 


(£). 


-1  dB. 


(50) 


The  last  term  in  the  comparison  arises  be- 
cause the  radar  cross  sections  for  the  two 
sounders  are  slightly  different  due  to  the  differ- 
ence in  wavelength.  This  term  is 
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and  is  small  as  one  would  expect. 

When  these  four  terms  are  added,  we  obtain 
+  5  dB  or  the  FM-CW  sounder  is  5  dB  more 
sensitive  than  the  PN-CW  sounder.  There  are 
two  things  which  will  tend  to  decrease  this 
5  dB  figure  and  tend  to  make  the  PN-CW 
sounder  more  sensitive  than  the  FM-CW  soun- 
der. First,  practical  realizations  of  the  FM-CW 
sounder  appear  to  have  a  sensitivity  significant- 
ly worse  (8  -  20  dB)  than  the  idealized  FM- 
CW  sounder.  This  is  perhaps  due  to  the  fact 
that  the  modulating  waveform  is  analog  and 
can  never  be  realized  exactly.  On  the  other 
hand,  the  PN-CW  sounder  has  a  digital  modu- 
lation and  the  exact  digital  signal  is  easily 
generated.  Practical  realizations  of  PN  soun- 
ders are  only  slightly  less  sensitive  (2  dB)  than 
the  ideal  sounder.  The  second  effect  which  will 
tend  to  further  reduce  the  relative  sensitivity  is 
that  the  one-half  in  the  incoherent  integration 
term  in  the  comparison  equation  is  a  rule-of- 
thumb  is  overly  pessimistic  toward  incoherent 
integration  when  the  target  is  fluctuating  (Di- 
Franco  and  Rubin  1968.  p.  405). 

A  final  item  that  should  be  noted  in  this 
comparison  is  that  the  PN-CW  sounder  can  be 
modified  to  extract  Doppler  spectra  from  any 
given  range.  The  first  range  ambiguity  is  ap- 
proximately 7.5  km  and  at  this  range  the  first 
velocity  ambiguity  is  approximately  2  km  per 
sec  or  far  in  excess  of  that  of  any  atmospheric 
target. 

6.  Summary 

This  paper  presents  a  method  of  comparing 
atmospheric  sounder  sensitivities.  The  compar- 
ison is  made  by  forming  the  ratio  of  output 
signal-to-noise  ratios  when  the  sounders  are 
viewing  the  same  atmospheric  target  for  the 
same  length  of  time.  The  advantage  of  the 
method  is  that  the  comparison  is  made  system- 
atically, and  that  the  effects  of  changes  in  any 
parameter  are  readily  identified.  The  compari- 
son equation  considers  eight  different  factors: 
incoherent  integration,  coherent  integration, 
transmitted  power,  effective  aperature.  radar 
cross  section,  receiver  noise,  propagation  loss, 
and  departure  from  the  matched  filter. 

Three  examples  were  presented.  First,  the 
Wallop  Island  ultrasensitive  radar  was  com- 
pared to  the  FM-CW  radar.  At  150  m  range 
resolution  the  WI  radar  was  24  dB  above  the 


FM-CW  radar,  and  at  15  m  range  resolution 
the  difference  was  14  dB. 

The  second  comparison  was  between  the 
FM-CW  radar  and  the  acoustic  sounder.  For 
170  m  range  and  1.7  m  range  resolution,  the 
WPL  acoustic  sounder  is  some  8  dB  more 
sensitive  than  the  ITS  FM-CW  sounder  when 
looking  at  temperature  irregularities,  but  some 
25  dB  less  sensitive  when  looking  at  humidity 
fluctuations.  At  1.7  km  range  and  17  m  range 
resolution,  temperature  eddies  would  have  13 
dB  greater  SNR  on  the  acoustic  sounder:  hu- 
midity eddies  would  show  20  dB  less  SNR  on 
the  acoustic  sounder,  relative  to  the  FM-CW 
sounder.  The  acoustic  sounder  is  much  less 
sensitive  than  the  FM-CW  sounder  to  hydrom- 
eteors.  Using  the  acoustic  sounder  in  the  170  m 
range.  1.7  m  range  resolution  mode,  the  SNR 
ratio  relative  to  the  FM-CW  radar  is  -53  dB 
for  rain  and  -57  dB  for  snow. 

The  FM-CW  sounder  was  then  compared  to 
a  PN-CW  sounder  when  both  are  used  in  a 
monostatic  mode  for  clear  air  targets.  The 
idealized  FM-CW  sounder  is  5  dB  more  sensi- 
tive than  a  PN-CW  sounder,  but  this  advantage 
may  be  significantly  reduced  when  a  practical 
FM-CW  sounder  is  considered. 

Nomenclature 

s(t)        received  signal 
n(i)       noise 

A/i        number  of  samples  incoherently  integrat- 
ed for  the  first  sounder 
Tx        coherent  integration  time  for  first  soun- 
der 
Pi        transmitted  power  for  first  sounder 
A\        effective  aperture  area  for  first  sounder 
T]|        radar  cross  section  per  unit  volume  for 

first  sounder 
/V|        noise  spectral  density  for  first  sounder 
L\        loss  term  for  first  sounder 
/i        departure  from  matched  filler  term  for 
first  sounder 
SNR|        output  signal-to-noise  ratio  for  sounder 
No.  1 
C12        sensitivity  of  sounder  No.  1  with  respect 

to  sounder  No.  2 
,V0       spectral  density  of  white  noise 
A        range  resolution  cell 
R        range  to  target 
t       element  length  of  PN  code 
B       bandwidth 
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Abstract.  Acoustic  sounder  and  microbarograph  records  of  atmospheric  waves  propagating  in  the 
planetary  boundary  layer  over  Table  Mountain,  Colorado,  are  presented  and  compared.  The  two 
observing  techniques  are  complementary  in  that  the  array  provides  wave  amplitude,  horizontal  phase 
speed,  direction,  and  wavelength,  while  the  sounder  provides  a  detailed  picture  of  temporal  changes 
in  the  structure  of  the  lowermost  kilometer  or  so  of  the  Earth's  atmosphere. 

This  paper  describes  preliminary  comparisons  of  observations  of  atmospheric  waves 
in  the  planetary  boundary  layer  made  using  an  acoustic  sounder  (McAllister,  1968; 
McAllister  et  ai,  1969;  Little,  1969;  Beran,  1970;  Beran  et  al,  1971)  and  a  micro- 
barograph  array  (Cook,  1962,  1969;  Cook  and  Young,  1962). 

The  sounder  emits  acoustic  pulses  and  utilizes  the  echo  returns  from  small-scale 
atmospheric  temperature  fluctuations  to  provide  a  detailed  picture  of  temporal  changes 
in  boundary-layer  structure  over  the  site,  while  the  microbarograph  array  provides 
continuous  records  of  the  time  rate  of  change  of  the  atmospheric  pressure  as  passively 
measured  at  ground  level  at  several  separate  locations,  in  this  case  separated  from  each 
other  by  a  kilometer  or  so.  The  fluctuations  in  the  individual  pressure  traces  provide 
wave  period  (in  the  frame  of  reference  of  an  observer  fixed  with  respect  to  the  ground) 
as  well  as  wave  amplitude;  phase  shifts  between  the  pressure  patterns  at  the  different 
elements  of  the  array  provide  horizontal  wave  phase  speed,  direction  of  travel,  and 
horizontal  wavelength.  The  acoustic  sounder  record  also  provides  wave  period  as 
well  as  an  indirect  measure  of  wave  amplitude;  in  addition  it  may  provide  some 
estimate  of  vertical  phase  velocity  and  wavelength.  (The  last  two  estimates  are  usually 
quite  crude,  however,  as  for  example  when  the  vertical  wavelength  is  large  compared 
to  the  boundary-layer  thickness.)  In  addition,  the  sounder  presents  a  vivid  picture  of 
boundary-layer  dynamics  that  can,  under  suitable  circumstances,  provide  insight  into 
the  mechanisms  responsible  for  the  wave  generation  and  subsequent  wave  behavior. 

The  observing  instruments  were  located  on  Table  Mountain,  a  very  flat  mesa  lo- 
cated approximately  10  km  north  of  Boulder,  Colorado.  The  microphones  were  sit- 
uated atop  the  mesa  itself,  while  the  sounder  was  in  a  ravine  at  the  mesa's  northeast 
edge.  The  experimental  configuration  is  shown  in  Figure  1.  The  points  marked  Ml, 
M2,  M3,  M4  denote  the  positions  of  the  microbarographs,  while  the  point  marked 
A  denotes  the  position  of  the  acoustic  sounder. 
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Contours  in  Feet  Above  Meon  Seo  Level 
100  ft-    Inlervols 


TABLE    MOUNTAIN 
Observing    Instrument    Locations 


Fig.  1.     Location  of  the  observing  instruments  on  Table  Mountain.  The  circles  marked  Ml,  M2,  M3, 

and  M4  indicate  the  positions  of  the  microbarographs,  and  the  circle  marked  A  represents  the 

position  of  the  acoustic  sounder.  The  entire  system  is  located  just  east  of  the  foothills  of 

the  Rocky  Mountains. 


This  system  has  gathered  many  hours  of  data  in  the  first  half  of  1971,  but  here  we 
shall  be  concerned  only  with  the  night  of  March  2-3.  Figure  2  shows  the  acoustic 
sounder  record  and  the  four  pressure  traces  for  the  0000  to  0400  LT  period  on  the 
morning  of  March  3.  The  vertical  axis  of  the  acoustic  sounder  record  is  the  height, 
850  m  full  scale  (with  roughly  the  lowest  50  m  blanked  to  avoid  ground  clutter),  and 
the  horizontal  axis  is  the  time;  dark  areas  in  the  figure  represent  time-height  intervals 
of  strong  echo  returns.  As  displayed  above  the  sounder  record,  the  four  pressure 
traces  have  been  time-shifted  relative  to  one  another  so  as  to  provide  maximum  cross- 
correlation  between  0100  and  0200  LT;  as  displayed  below  it,  they  have  been  time- 
shifted  to  provide  maximum  cross-correlation  between  0300  and  0330  LT.  In  both 
cases,  the  correlation  among  the  four  pressure  traces,  while  obvious,  is  by  no  means 
perfect;  the  lack  of  complete  correspondence  may  result  either  from  the  dispersive 
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character  of  the  waves  or  from  their  interaction  with  and  distortion  by  the  medium 
as  they  propagate.  The  pressure  traces  for  the  0000  to  01 00  LT  interval  are  not  shown 
because  the  pressure  fluctuations  and  the  correlation  between  them  during  this  period 
were  quite  weak. 

In  order  to  show  more  clearly  the  degree  of  correlation  between  the  pressure  fluc- 
tuations and  variations  in  the  heights  of  strata  of  strong  echo  returns,  the  pressure 
trace  recorded  by  the  northernmost  microphone  (M3  in  Figure  1 ;  the  unit  closest  to 
the  sounder)  has  been  overlaid  on  the  sounder  record  as  a  white  line.  As  among  the 
four  pressure  traces  themselves,  there  is  good,  but  not  perfect,  correspondence  between 
features  of  the  sounder  record  and  this  pressure  trace,  and  as  before,  the  lack  of 
perfect  correlation  results  in  part  from  the  large  distance  between  the  sounder 
and  the  microphone.  In  part,  however,  the  discrepancies  here  arise  from  a  fall 
off  in  the  response  of  the  microbarograph  system  at  very  low  frequencies  (curve 
N3  of  Figure  2,  Chrzanowski  et  al.,  1961).  This  fall  off  appears  to  account  both  for 
the  deterioration  in  the  correspondence  between  the  two  records  in  the  01  00-0200  LT 
interval,  when  the  dominant  fluctuations  are  of  9-min  period,  and  for  the  failure  of 
the  microphones  to  detect  any  pressure  changes  associated  with  fluctuations  in  boun- 
dary-layer thickness  over  periods  of  several  hours. 

It  might  be  noted  that  the  good  correlation  between  the  pressure  changes  and 
fluctuations  in  the  height  of  the  strata  of  strong  echo  returns  is  itself  of  some  interest, 
since  such  a  good  correspondence  between  the  two  types  of  records  is  not  a  foregone 
conclusion.  This  is  because  for  waves  of  such  long  periods,  the  pressure  fluctuations 
primarily  reflect  changes  in  the  weight  of  the  total  air  column  above  the  sensor;  waves 
having  vertical  wavelengths  small  compared  to  a  scale  height  and  elevated  distur- 
bances of  very  small  vertical  extent  produce  minimal  pressure  fluctuations  at  the 
ground.  In  several  such  cases  examined,  there  is  indeed  a  notable  lack  of  correspon- 
dence between  the  sounder  records  and  the  pressure  traces. 

Several  features  of  the  records  in  Figure  2  are  of  interest: 

(a)  The  weakness  of  the  returns  in  the  early  part  of  the  record.  When  used  in  the 
monostatic,  or  backscatter  mode,  as  here,  the  acoustic  sounder  receives  echoes  from 
atmospheric  temperature  fluctuations  only.  When  the  temperature  lapse  rate  of  the 
atmosphere  is  nearly  adiabatic,  these  fluctuations  are  quite  weak.  Thus,  the  weak 
strength  of  the  echoes  in  the  early  part  of  the  record  may  result  in  part  because  the 
nighttime  inversion  has  not  yet  become  well  established. 

(b)  The  presence  of  a  number  of  strata  in  the  echo  returns.  It  follows  from  what  was 
said  immediately  above  that  these  strata  are  regions  of  enhanced  turbulent  temperature 
fluctuations,  produced  either  by  local  increases  in  the  dynamic  instability  or  by  local 
lapse  rate  conditions  favoring  increased  temperature  fluctuations  for  a  given  turbu- 
lence intensity.  Early  results  from  comparison  of  acoustic  sounder  records  with  in  situ 
meteorological  measurements  on  an  instrumented  tower  suggest  that  both  effects  are 
typically  at  work,  with  those  of  the  temperature  lapse  rate  perhaps  predominating 
(C.  B.  Emmanuel,  private  communication).  In  any  event,  the  sounder  record  strikingly 
reveals  the  lack  of  homogeneity  and  stationarity  in  the  atmospheric  boundary  layer. 
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(c)  The  wa  velike  undulations  of  the  strata.  The  atmospheric  wave  motions  revealed 
by  these  undulations  are  quite  obviously  a  major  dynamical  feature  of  the  stable 
atmospheric  boundary  layer.  They  pervade  the  entire  record,  and  appear  to  have  a 
broad  range  of  temporal  and  (presumably)  spatial  scales.  The  undulations  of  longest 
period  are  not  in  fact  revealed  very  well  in  Figure  2;  they  appear  as  oscillations  of 
the  entire  boundary  layer  of  several-hours  period,  and  cause  the  boundary  layer  to 
have  a  maximum  apparent  thickness  of  roughly  500-600  m  at  about  01  30-0200  LT, 
and  a  minimum  thickness  of  perhaps  less  than  100  m  at  about  03  15  LT.  The  longer- 
period  undulant  structure  is  better  seen  in  Figure  3,  which  shows  the  acoustic  sounder 
record  for  the  entire  night.  It  is  worth  noting  that  fluctuations  of  such  long  period 
are  a  common  feature  of  the  nighttime  acoustic  sounder  records.  As  mentioned  above, 
the  microbarograph  array  as  presently  engineered  does  not  detect  fluctuations  of  such 
long  period,  and  the  sounder  information  alone  does  not  permit  us  to  say  whether 
these  are  propagating  waves,  generated  elsewhere,  or  some  type  of  standing  oscillation 
produced  by  local  orographic  features.  It  is  tempting,  for  example,  to  relate  such 
motions  to  the  upper-level  mesoscale  structure  observed  by  Mantis  (1963),  Kao  and 
Woods  (1964),  Pinus  et  al.  (1967),  and  others,  and  to  the  mesoscale  pressure  fluctua- 
tions studied  by  Herron  and  Tolstoy  (1969)  and  attributed  to  tropospheric  wind  struc- 
ture. In  the  future,  the  microbarograph  system  will  be  modified  to  permit  study  of 
these  long-period  fluctuations. 

The  sounder  record  also  reveals  other  oscillations  of  considerable  interest,  in  par- 
ticular the  oscillation  of  roughly  9-min  period  prevailing  between  01 00  and  0200  LT, 
and  the  strongly  nonlinear  oscillation  of  roughly  4.5-min  period  occurring  between 
0300  and  0330  LT.  (During  the  0200-0300  LT  intervals,  no  single  wave  component 
dominates.)  The  wave  parameters  for  these  two  events  as  determined  from  the  time 
shifts  of  the  pressure  traces  in  Figure  2  are  given  in  Table  I.  Table  I  also  gives  wave 
phase  velocities  and  directions  of  travel  as  computed  from  the  amplitude  of  the  pres- 
sure fluctuations  and  anemometer  data  taken  near  the  sounder,  using  the  'impedance' 
relation  (Gossard  and  Munk,  1954) 

Vph  =  p'/(Q0u'),  (1) 

TABLE  I 

Wave  Parameters  for  the  Two  Events  of  March  3,  1971 


Wave  Parameters 

01 00-0200  LT 

0300-03  30  LT 

Period 

525  s 

265  s 

Horizontal  phase  speed 

13  m  s"1 

6.5  m  s-1 

Horizontal  wavelength 

6.8  km 

1.7  km 

Direction  of  arrival 

270° 

295° 

Pressure  amplitude 

0.044  mb 

0.132  mb 

Wind  velocity  amplitude 

0.25  m  s-1 

2  m  s_1 

Phase  speed  (estimated  from 

'impedance'  relation) 

13.5  ms-1 

5.1ms"1 

Direction  of  arrival  (estimated 

from  anemometer  data) 

284° 

259° 

Mean  surface  wind  speed 

1  m  s_1 

<  0.2  m  s_1 

Mean  surface  wind  direction 

220° 

240° 

340 
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where  Vph  is  the  horizontal  wave  velocity,  p'  and  u  are  the  amplitudes  of  the  wave- 
associated  pressure  and  horizontal  wind  perturbations,  respectively,  and  q0  is  the 
background  atmospheric  density.  The  direction  of  wave  propagation  is  the  direction 
of  the  wave-associated  wind  perturbation  at  the  time  of  maximum  pressure.  The  good 
agreement  between  the  two  methods  may  be  to  some  extent  fortuitous  in  view  of  the 
light  and  variable  winds  prevailing  at  the  time. 

The  01 00-0200  LT  event  had  a  9-min  period  and  a  13ms"1  horizontal  phase 
velocity,  giving  an  estimate  for  its  horizontal  wavelength  of  6.8  km.  It  is  perhaps 
worth  noting  that  if  we  use  this  figure  to  convert  the  time  sequence  of  Figures  2  and  3 
into  a  spatial  picture,  we  find  that  the  01 00-0200  LT  interval  corresponds  to  a  spatial 
interval  of  the  order  of  50  km,  implying  a  roughly  fifty-fold  increase  in  the  width  of 
this  portion  of  the  record  to  give  a  true  spatial  representation  of  the  wave. 

The  0300-0330  LT  event  had  a  4.5  min  period  and  a  6.5  m  s_1  horizontal  phase 
velocity,  giving  a  horizontal  wavelength  of  only  1.7  km.  This  event,  shown  in  detail 
in  Figure  4,  is  striking  because  of  its  large  amplitude  and  cusped  shape,  features  which 
are  qualitatively  similar  to  the  shapes  of  the  internal  waves  observed  by  Gossard  et  al. 
(1970)  using  an  FM-CW  radar  (Richter,  1969)  and  discussed  by  Gossard  and  Richter 
(1970).  The  acoustic  sounder  records  we  have  examined  suggest  that  such  events  occur 
relatively  frequently.  There  is  also  some  indication  that  they  may  occur  preferentially 
at  those  times  when  the  apparent  thickness  of  the  boundary  layer,  as  indicated  by  the 
height  of  the  highest  echo  return,  appears  to  be  least,  i.e.,  they  may  occur  only  at 
certain  phases  of  the  longer-period  oscillations  prevailing  in  the  boundary  layer.  We 
hope  to  investigate  these  features  of  the  records  more  systematically  in  the  future,  but 
we  merely  note  here  that  such  behavior  appears  consistent  with  the  qualitative  des- 
scription  given  by  Phillips  (1966),  Hodges  (1967),  Orlanski  and  Bryan  (1969),  Gossard 
et  al.  (1971),  and  others,  of  the  physics  underlying  the  intermittent  behavior  of  oceanic 
and  atmospheric  turbulence. 

In  a  particular  application  of  such  concepts,  G.  Chimonas  (private  communication) 
has  recently  pointed  out  that  in  cases  where  the  ambient  Richardson  number  is  close 
to,  but  just  above  1/4,  as  often  occurs  in  the  stable  atmospheric  boundary  layer  (Webb, 
1 970 ;  Oke,  1 970 ;  Businger  et  al.,  1 97 1 ),  if  internal  gravity  waves  propagating  in  the  boun- 
dary layer  can  stimulate  the  onset  of  turbulence  in  those  regions  of  the  wave  profile  where 
the  wave  has  lowered  the  Richardson  number  below  1/4,  this  will  result  in  a  complicated 
energy  and  momentum  exchange  between  the  mean  flow,  the  wave,  and  the  turbulence, 
leading  to  instability  and  explosive  growth  of  wave  and  turbulence  amplitudes.  In  the 
present  application  of  Chimonas'  general  result,  it  might  seem  appropriate  to  identify 
the  wave  of  several-hour  period  as  a  trigger  for  the  turbulence.  The  0300-0330  LT 
interval  might  then  represent  a  region  where  the  wave-associated  changes  in  boundary- 
layer  wind  and  temperature  structure  are  such  that  the  Richardson  number  has  been 
driven  below  1/4.  The  cusped  wave  would  then  be  presumed  to  be  the  most  unstable 
wave  mode  in  this  region  and  would  represent  a  first  step  in  the  onset  of  turbulence. 

Alternatively,  with  the  apparent  reduction  in  boundary-layer  thickness  occurring 
at  this  time,  it  is  tempting  to  suppose  that  the  small-scale  waves  ducted  in  the  boundary- 
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Fig.  4.     A  detail  of  the  acoustic  sounder  record  for  the  0300-0400  LT  March  3,  1971,  period, 
showing  the  large-amplitude  cusped  waves  of  4.5-min  period  similar  in  shape  to  the  waves  studied  by 
Gossard  and  Richter  (1970);  these  authors  have  interpreted  the  wave  shape  as  resulting  from  propa- 
gation on  a  fluid  interface  just  above  a  rigid  lower  boundary. 


layer  inversion  might  be  increasing  in  amplitude  as  the  duct  thickness  decreases,  just 
as  ocean  waves  steepen  on  a  sloping  beach;  apart  from  some  reflection,  the  total  wave 
energy  would  remain  constant,  but  would  be  confined  to  a  smaller  area,  resulting  in 
an  increase  in  wave  energy  flux  and  amplitude. 

Interpretation  of  observations  such  as  these  must  remain  essentially  speculative, 
however,  until  we  can  supplement  these  data  with  concurrent  meteorological  infor- 
mation, in  particular,  background  wind  and  temperature  profiles,  thus  providing  a 
more  complete  picture  of  boundary-layer  structure  and  specifying  whether  individual 
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strata  of  strong  echo  returns  are  strata  of  low  Richardson  number  or  steep  lapse  rate 
or  both.  With  such  information,  and  with  the  use  of  Doppler  acoustic  sounding 
(Beran  et  al.,  1971),  it  should  then  be  possible  to  relate  the  height  fluctuations  of  these 
strata  to  the  wave  amplitude,  to  determine  the  directions  and  magnitudes  of  the 
associated  wave  energies  and  momentum  fluxes,  and  determine  the  energy  exchanges 
between  the  wave,  the  turbulence,  and  the  background  flow. 

The  original  manuscript  ended  here,  but  we  have  appended  a  brief  comment  in  re- 
sponse to  a  question  asked  by  a  referee,  who  has  inquired  about  the  'grass'  which 
appeared  to  be  present  atop  the  boundary  layer  throughout  the  acoustic-sounder 
record,  but  which  became  particularly  prominent  at  about  0240  LT.  This  feature  of 
the  records  is  actually  fairly  common  (see,  for  example,  some  of  the  records  in  the 
paper  by  McAllister^  al.  (1969))  and  has  not  escaped  our  attention;  we  did  not 
comment  on  it  originally  simply  because  of  a  lack  of  detailed  information.  We  do 
know,  however,  from  results  of  other  experiments,  not  yet  reported,  that  this  structure 
appears  to  represent  wavefronts  of  quite  small-scale  waves  (vertical  wavelengths 
~  100  m,  horizontal  wavelengths  ~500  m,  so  that  the  fronts  are  in  fact  nearly  hori- 
zontal, despite  their  appearance  on  the  compressed  horizontal  scale  of  these  records). 
Their  exact  role  in  boundary-layer  dynamics  is  not  yet  understood. 
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The  attainable  quality  and  scope  of 
an  atmospheric  forecasting  service  is 
determined  by  the  observational  data 
set  on  which  it  is  based-  -  and  especially 
by  the  density  in  time  and  space  of  the 
relevant  observations.  During  the  past 
several  years  it  has  become  increasingly 
apparent  that  the  steadily  growing  need 
for  short-term,  local  weather  forecasts 
cannot  be  met  by  a  mere  expansion  of 
our  present  radiosonde  networks.  A 
major  breakthrough  in  atmospheric 
measurement  capability  is  required. 
Ideally,  one  would  like  to  use  ground- 
based  instrumentation  capable  of  re- 
motely measuring  the  relevant  atmo- 
spheric parameters  in  the  three- 
dimensional  space  around  the  instru- 
ment,-out  so  a  range  of  many 
kilometers. 

Conceptually,  such  a  measurement 
capability  would  have  many  advantages. 
First,  the  measurements  would  be  taken 
remotely  and  would  not  require  that  in 
situ  sensors  be  carried  to  the  atmo- 
spheric region  to  be  measured.  Second, 
unlike  the  zero-dimensional  measure- 
ments provided  Ijy  stationary  in  situ 
sensors,  or  the  basicaMy  one-dimenaloiwl 
data  supplied  by  aircraft  uf  radiotonde  . 
ni'itrufljamation.  lejnofe,  pastyig  instru- 
•^^nerits^ often  h"av»4n'e' .ability  to  scan  the 
surrounding  atmosphere  in  two  or  three 


dimensions.  Third,  remote  sensing 
instrumentation  often  provides  much 
better  resolfltion  in  time  and  space  than 
that  available  from  in  situ  instrumenta- 
tion, implying  a  much  more  complete 
data  set.  Fourth,  while  standard  radio- 
sondes are  limited  to  measurements  of 
temperature,  humidity,  and  wind, 
remote  sensing  instrumentation  is 
capable  (at  least  conceptually)  of 
measuring  more  sophisticated  param- 
eters, such  as  spectrum  of  turbulence,  or 
momentum  flux.  Fifth,  the  measure- 
meat  system  does  not  modify  the 
parameter  being  measured,  a  matter  of 
serious  concern  in  some  in  situ  systems, 
^such  as  those  aboard  aircraft  .,Sixth,  the 
'  remotely  sensed  measurements  involve 
some  integration  along  a  line,  or  over  an 
area,  ot  throughout  a  volume.  As  such, 
tjiey  are  likely  to  be  more  representative 
of  the  medium  than  measurements  from- 
ajsingje  point   sensof,   wbjch   may   be 
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adversely  affected  by  local  or  transient 
perturbations.  Seventh,  unlike  radio- 
sonde and  aircraft  systems,  remote 
sensing  instrumentation  is  usually  auto- 
matic and  can  provide  data  24  hr  per 
day  with  greatly  reduced  or  even  no 
manpower. 

This  paper  summarizes  the  present 
status  of  attempts  to  create  atmospheric- 
remote  sensing  systems  possessing  many 
of  the  advantages  listed  above. 

Methods  of  Remote  Sensing 

Remote  sensing  relies  on  the  quanti- 
tative observation  and  interpretation  of 
the  interaction  of  some  form  of  wave 

acoustic  or  electromagnetic  -with 
the  atmosphere.  In  reviewing  the  status 
of  ground-based  remote  sensing,  it  is 
helpful  to  recognize  that  the  different 
types  of  waves  interact  differently  with 
.the  atmosphere,  and  therefore  have 
different  measurement  capabilities. 
Considering  the  gaseous  components  of 
the  atmosphere,  we  find  that  acoustic 


waves  interact  very  much  more  strongly 
with  the  atmosphere  than  do  electro- 
magnetic waves;  hence  acoustic  systems 
may  be  readily  used,  for  example,  to 
monitor  the  internal  structure  of  the 
atmospheric  boundary  layer.  On  the 
other  hand,  because  of  this  strong  inter- 
action, acoustic  observations  are  likely 
to  be  limited  to  ranges  of  only  a  few 
kilometers. 

Electromagnetic  waves  interact  very 
weakly  with  the  gaseous  atmosphere  in 
the  optical  and  radio  parts  of  the  spec- 
trum, and  remote  sensing  of  the  clear  air 
by  electromagnetic  waves  is  therefore 
relatively  difficult.  Nevertheless,  our 
highly  developed  radar  technology  does 
permit  clear  air  echoes  to  be  obtained, 
at  least  for  research  purposes.  Similarly, 
with  the  advent  of  lasers  it  is  being 
recognized  that  certain  spectroscopic 
interactions  (resonant  interactions 
which  occur  at  certain  frequencies  or 
bands  of  frequency)  can  be  used, 
especially  at  the  higher  frequencies. 
New  remote  sensing  methods  based  on 


Raman  scatter  or  on  spectroscopic 
absorption  techniques  are  now  being 
developed.  In  the  long  run,  and  espe- 
cially as  laser  technology  develops 
further,  we  may  expect  that  optical 
interrogation  of  the  clear  atmosphere 
will  increase  greatly. 

Turning  now  to  hydrometeors  and 
aerosols,  we  find  that  much  of  the 
difference  between  acoustic  and  electro- 
magnetic waves  disappears.  In  both 
cases,  the  interaction  is  weak  if  the 
wavelength  is  large  compared  with  the 
diameter  of  the  scattering  particles,  but 
increases  rapidly  as  the  wavelength 
becomes  comparable  to  that  diameter. 
Thus,  unlike  the  much  shorter  optical 
waves,  microwave  radar  waves  readily 
penetrate  clouds;  they  are,  however, 
readily  scattered  by  raindrops.  Simi- 
larly, radar  waves  are  essentially  un- 
affected by  aerosols;  these  tiny  particles 
can,  however,  be  readily  detected  by 
optical  waves.  By  appropriate  selection 
of  the  electromagnetic  frequency  it  is 
therefore   possible   to  interrogate  both 
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the  clear  atmosphere  and  hydrometeors, 
with  some  prospect  that  the  inter- 
mediate (infrared)  frequencies  will  be 
useful  for  both  purposes. 

Observations  Required 

In  order  to  provide  measurements  of 
the  atmosphere  adequate  for  modern, 
short-range  local  forecasting,  six  atmo- 
spheric parameters  must  be  measured; 
these  are  wind,  temperature,  humidity, 
precipitation,  cloud  particles,  and  aero- 
sols. Ideally,  three-dimensional  distribu- 
tion of  these  parameters  is  desired.  In 
this  connection,  remote  sensing  offers  a 
potentially  broad  range  of  different 
types  of  measurements  of  a  single 
parameter,  as  compared  with  the  zero- 
dimensional  point  measurement  of  a 
stationary,  in  situ,  instrument.  These 
measurements  range  from  simple  line 
integrals  and  averages  to  vertical  profiles 
and  measurements  of  flux  and  spectra. 
The  range  of  measurements  is  particu- 
larly wide  in  the  case  of  a  vector  field, 
such  as  the  wind. 

Status  of  Remote  Sensing 

The  status  of  ground-based  remote 
sensing  of  wind  is  summarized  in 
Table  1 .  Here,  three  different  ap- 
proaches to  remote  velocity  measure- 
ment are  considered: 

•  The  doppler  method.  The  fre- 
quency shift  of  the  signal  scattered  from 
a  moving  target  is  used  to  derive  the 
radial  component  of  velocity  of  the 
scatterer. 

•  The  scintillation  method.  The 
transverse  drift  of  the  forward-scattered 
signal  pattern  is  used  to  derive  informa- 
tion on  the  mean  velocity  of  the  air 
across  the  beam. 

•  The  echo-correlation  techniques. 
The  back-scattered  field  is  sampled  to 
derive  information  on  the  profile  of 
velocity  transverse  to  the  beam. 

For  each  of  these  methods,  it  is 
appropriate  to  consider  microwave, 
acoustic,  and  optical  versions  of  the 
technique.  Table  1  is  given,  therefore,  in 
the  form  of  a  matrix  of  measurement 
method  (technique)  against  type  of 
velocity  measurement  (e.g.,  line  average, 
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vertical  profile,  etc.).  An  X  shows  that 
the  method  has  already  been  demon- 
strated experimentally;  anticipated 
progress  in  the  near  future  is  indicated 
by  the  letter  F  where  it  seems  likely 
that  research  leading  to  such  measure- 
ments will  be  conducted  within  the  next 
few  years.  The  corresponding  informa- 
tion for  remote  sensing  of  temperature, 
humidity,  precipitation,  cloud  particles, 
and  aerosols  is  given  in  Tables  2  through 
6. 

Wind 

Of  all  the  meteorological  parameters 
considered,  this  is  the  one  most  readily 
measured  by  ground-based  remote  sen- 
sing techniques.  As  shown  in  Table  1,  a 
wide  range  of  acoustic,  microwave,  and 


optical  techniques  has  been  identified, 
and  many  have  been  tested  experi- 
mentally. The  prospects  of  optical 
doppler  (actually  infrared  doppler,  using 
a  10.6-jum  C02  laser)  are  believed  to 
be  particularly  important,  because  of  its 
unique  ability  to  operate  under  a  rela- 
tively wide  range  of  meteorological 
conditions.  Other  advantages  include 
smaller  size  and  better  angular  resolu- 
tion than  microwave  radars,  without  the 
severe  range  limitations  and  degradation 
of  daytime  performance  experienced  by 
visible-wavelength  optical  doppler 
systems. 

Temperature 

Time-of-flight  measurements  of  opti- 
cal or  acoustic  waves  have  been  used  to 
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TaM«4 
STATUS  OF  PRECIPITATION  MEASUREMENTS 
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Table  5 
STATUS  OF  CLOUD  MEASUREMENTS 
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measure  average  femperaiure  along  the 
propagation  path,  and  microwave 
radiometry  in  the  5  -  mm  02  absorption 
band  has  been  used  to  measure  tempera- 
ture distribution  in  one  or  two  dimen- 
sions. Temperature  profiles  have  also 
been  derived  using  a  hybrid  radio- 
acoustic  system  in  which  radio  waves 
track  the  velocity  of  a  sonic  pulse. 
Temperature  profiles  of  the  mesosphere 
have  already  been  derived  from  mea- 
surements of  the  decay  of  the  Rayleigh 
scattered  signal  with  height;  it  is  anti- 
cipated that  the  much  weaker  Raman 
signal  from  atmospheric  nitrogen  will  be 
used  to  measure  temperature  profiles  in 
the  atmospheric  boundary  layer  within 
the  next  few  years.  However,  the  ability 
to  sense  the  three-dimensional  tempera- 
ture field  remotely  seems  to  be  many 
years  away. 

Humidity 

Passive  microwave  radiometry  at 
about  20  GHz  has  been  used  to  measure 
integrated  water  vapor  content  under 
clear  sky  conditions.  Differential  ab- 
sorption of  two  optical  signals  shows 
promise  of  permitting  measurement  of 
the  mean  value  of  humidity  on  a  two- 
ended  path;  profiles  of  humidity  should 
be  measurable  using  two-wavelength 
optical  lidar  systems.  Vertical  profiles  of 
humidity  have  been  measured  by 
Raman  lidar  techniques,  although  con- 
siderable integration  is  required,  espe- 
cially under  daylight  conditions.  For 
this  reason,  the  ability  to  sense  the 
three-dimensional  humidity  field  re- 
motely also  seems  to  be  many  years 
away. 

Precipitation 

The  remote  measurement  of  precipi- 
tation by  microwave  radar  is  a  well- 
advanced  field,  and  as  indicated  in 
Table  4,  modern  research  weather  radar 
systems  have  the  ability  to  describe  the 
three-dimensional  distribution  of  the 
precipitation.  In  addition,  passive  micro- 
wave radiometry  at  frequencies  on  the 
order  of  5  -  10  GHz  have  been  used  to 
measure  the  integrated  liquid  water 
content  of  the  atmosphere. 
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Cloud  Measurements 

The  height  of  the  cloud  base  has  long 
been  measured  remotely  by  optical 
systems  using  triangulation  techniques. 
Microwave  radars  having  very  short 
wavelength  (e.g.,  X  =  8  mm)  are  capable 
of  giving  three-dimensional  information 
on  cloud  particle  distribution;  optical 
and/or  infrared  lidar  systems  are  likely, 
in  the  reasonably  near  future,  to  be 
evaluated  for  ice/water  identification 
and  drop  size  distribution  measure- 
ments. 

Aerosols 

Optical  lidar  systems  have  already 
been  used  to  obtain  one-  and  two- 
dimensional  measurements  of  aerosol 
content.  There  is  aiso  a  prospect  that 
multiparameter  systems  (e.g.,  multiple 
wavelength,  polarization,  or  scatter 
angle)  could  be  used  to  derive  coarse 
information  on  the  particle  size 
distribution. 

Pattern  Recognition 

Up  to  this  point,  we  have  been  con- 
cerned with  the  status  of  various  remote 
sensing  techniques  for  making  quantita- 
tive measurements.  It  is  important  to 
recognize  that  much  of  the  value  of 
these  techniques  lies  not  in  the  ability 
to  reproduce  the  kinds  of  quantitative 
data  the  meteorologist  is  accustomed  to, 
but  in  the  ability  to  provide  in  real  time 
totally  new  types  of  data  and  data 
presentations.  These  data  can  often  take 
the  form  of  "maps"  or  two-dimensional 
displays  of  the  intensity  of  some  param- 
eter. Examples  of  such  maps  are  the  PPI 
plots  of  radar  echo  intensity,  or  the 
height-vs-time  facsimile  recordings  from 
monostatic  acoustic  echo  sounders. 
Figure  1  is  such  an  echo-sounding 
record,  taken  around  sunrise  under  clear 
sky  conditions.  The  herringbone  echoes 
reaching  approximately  170  m  at  the 
beginning  of  the  record  are  from  the 
ground-based  radiation  inversion  pro- 
duced by  nocturnal  cooling  of  the 
ground.  At  approximately  0830,  or 
2.5  hr  after  sunrise,  thermal  plumes 
begin  to  appear  at  the  bottom  of  the 
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Fig.  1  (top)  Acoustic  echo  sounding  record  showing  dissipation  of  nocturnal  ground- 
based  radiation  inversion  by  thermal  plumes.  Fig.  2  (bottom)  Second  record  shows 
braided  pattern  characteristic  of  breaking  waves  occurring  above  a  ground-based 
radiation  inversion.  (Photos  courtesy  Freeman  F.  Hall  Jr.,  NOAA) 


record,  increasing  in  height  with  time 
and  eroding  the  inversion  until  the  latter 
has  completely  disappeared  by  noon. 
Another  example,  taken  under  stable 
nocturnal  conditions  is  shown  in  Fig.  2. 
The  lowest  strip  of  echoes,  reaching  to 
about  200  m,  is  once  again  due  to  a 
ground-based  radiation  inversion,  with 
thermal  plumes  beginning  to  appear  at 
about  0745  local  time.  The  braided 
echoes  occurring  in  the  height  range  of 
about  400  to  600  m  are  characteristic  of 
breaking  Kelvin-Helmholtz  waves;  simi- 
lar records  have  been  obtained  from  the 
clear  atmosphere  by  pulsed  high-power 
microwave  radar,  and  also  by  FM-CW 
radar. 

Pattern  recognition  (as  opposed  to 
full  quantitative  analysis)  will  initially 
play  a  major  role  in  the  use  of  two- 
dimensional  displays  such  as  those  in 
Figs.  1  and  2.  Man  has  long  been  ac- 
customed to  using  his  eyes  as  a  superb 


passive  optical  remote-sensing  system;  it 
is  important  to  recognize  that  in  this 
case  the  information  is  processed  by 
pattern  recognition,  not  by  quantitative 
physical  measurements.  (The  large  grey 
structure  over  there  is  a  thunderstorm. 
That  transient  line  of  enhanced  bright- 
ness was  a  flash  of  lightning.  In  that 
direction  it  is  raining  already  and  over 
there  the  sky  is  clearing.) 

Under  clear  sky  conditions,  the 
human  eye  and  the  weather  radar  re- 
ceive no  information  (other  than  the 
fact  that  there  is  no  pattern)  but  already 
new  remote  sensing  techniques  permit 
the  internal  structure  of  the  boundary 
layer  to  be  monitored  continuously 
under  clear  sky  and  precipitation  condi- 
tions. In  recent  years,  we  have  learned 
how  to  use  many  different  tracers  for 
radar-like  measurements  and  displays. 
Specifically,  small-scale  (about  \/2) 
fluctuations  in  temperature  and  velocity 
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can  be  used  to  acoustically  monitor  the 
internal  structure  and  processes  of  the 
atmosphere;  similarly,  small-scale 
humidity  fluctuations  can  be  used  as 
tracers  of  boundary  layer  structure  by 
FM-CW  radar  techniques.  At  optical 
wavelengths,  aerosol  particles  are  readily 
detected  by  lidar  techniques  and  may 
therefore  be  used  to  monitor  the 
boundary  layer.  The  resultant  echo 
patterns  are  already  being  recognized  in 
terms  of  thermal  plumes,  inversions, 
internal  gravity  waves,  and  breaking 
waves.  As  the  local  weather  forecaster 
gains  skill  in  recognizing  patterns  in 
mesoscale  and  microscale  maps  of 
parameters  such  as  velocity,  tempera- 
ture, and  humidity  (and  their  small-scale 
structure  parameters,  C  2,  CT2,  and 
C  2),  he  should  greatly  enhance  his 
ability  to  identify  the  existence,  loca- 
tion, and  intensity  of  significant  mete- 
orological phenomena  or  processes,  and 
hence  to  observe  and  predict  their  devel- 
opment. Note  that  these  maps  do  not 
need  to  have  high  absolute  accuracy;  the 
many  orders  of  magnitude  variability  of 
parameters  such  as  CT2,  C  2,  C  2,  and 
radar  and  lidar  reflectivities  means  that 


relative  accuracies  of  3  dB  and  absolute 
accuracies  of  10  dB  may  be  acceptable 
for  pattern  recognition  purposes.  The 
wide  range  of  two-  or  three-dimensional 
maps  potentially  available  to  the  mete- 
orologist of  the  future  will  provide  him 
with  totally  new  abilities  in  his  con- 
tinuing watch  for  changing  atmospheric 
conditions,  and  hence  will  radically 
affect  both  the  nature  and  scope  of 
future  mesoscale  research  and  services. 
We  may  also  expect  that  the  growing 
ability  to  use  computers  for  pattern 
recognition  will  eventually  result  in  the 
automatic  processing  and  interpretation 
of  many  of  the  patterns  revealed  by  the 
remote  sensing  systems  of  the  future. 
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Abstract 

This  paper  attempts  to  summarize  the  status  ol  remote 
sensing  of  the  troposphere.  It  opens  with  a  statement  of 
the  need  for  remote  sensing  and  identifies  the  potential 
advantages  inherent  to  such  techniques.  The  main  ma- 
terial is  in  the  form  of  a  series  of  tables  which  identify 
the  stage  of  development  of  each  method  (acoustic, 
radio,  or  optical)  for  the  measurement  of  the  different 
meteorological  parameters  relevant  to  the  troposphere. 
The  tallies  are  used  to  differentiate  between  those  capa- 
bilities which  as  yet  are  limited  to  the  boundary  layer, 
and  those  applicable  to  the  full  height  range  of  the 
troposphere:  and  also  between  those  techniques  which 
are  limited  to  clear  air  as  opposed  to  those  which  can 
operate  in  the  presence  of  cloud  particles  and/or  pre- 
cipitation. Kxamplcs  of  the  current  capabilities  of  var- 
ious active  and  passive  acoustic,  optical,  and  radio  re- 
mote sensing  systems  arc  presented  in  the  form  of  figures, 
primarily  from  the  work  of  the  Wave  Propagation  Lab- 
oratory. 

1.  The  role  of  remote  sensing  in  the  troposphere 

As  the  si/e  and  complexity  of  our  society  increases,  the 
number  and  complexity  of  its  interactions  with  our 
atmospheric  environment  grows.  As  a  restdt.  the  eco- 
nomic costs  to  commerce,  transport,  communications, 
and  agriculture  of  natural  disasters  such  as  blizzards, 
ice  storms,  hurricanes,  tornadoes,  floods,  droughts,  etc., 
increase  year  by  year.  This  growing  sensitivity  to 
weather  conditions  has.  of  course,  led  to  a  greatly  ex- 
panded need  for  atmospheric  information  and  forecasts 
of  many  different  types,  for  many  dilfercnt  purposes. 

The  attainable  quality  and  scope  of  an  environmental 
information  or  forecasting  service  is  determined  by  the 
nature  of  the  observational  data  set  on  which  it  is  based 
— and  especially  by  the  density  in  time  and  space  of  the 
relevant  observations.  Thus,  the  present  meteorological 
observing  system  of  ground-released  radiosondes  and  sat- 
ellite measurements  is  well  matched  to  synoptic-scale 
weather  patterns,  i.e.,  to  space  scales  of  the  order  1000 
km  and  time  scales  (at  one  location)  of  the  order  one 
or  two  days.  But  recent  analyses  of  national  needs  for 
improved  weather  services  show  that  these  needs  lie 
primarily  in   the  area  of  short-term   loinl  weather  fore- 


936 


casts,  e.g.,  forecasts  for  a  local  area  1  to  100  km  in  si/e, 
for  time  periods  ranging  from  0  to  (i  hours.  These  im- 
proved short-term  local  weather  forecasts  inevitably  will 
require  a  much  denser  array  of  meteorologic.il  data  than 
is  currently  available  from  the  present  observational 
networks.  The  required  intreasc  in  space-time  density  ol 
relevant  observations  is  huge — at  least  four  orders  of 
magnitude  relative  to  the  iwice-per-day,  500-km  hori- 
zontal spacing  of  the  upper  air  radiosonde  observing 
system.  Cost  estimates  indicate  that  it  is  totally  imprac- 
ticable to  achieve  this  desired  increase  in  density  ol  ob- 
servations by  mere  expansion  of  the  existing  radiosonde 
network.  Satellite  remote  sensing  of  meteorological  con- 
ditions is,  of  course,  already  playing  a  very  important 
role;  however,  because  of  the  great  need  for  improved 
resolution  in  height,  time,  and  space,  especially  in  the 
boundary  layer  of  the  atmosphere  and  under  conditions 
of  cloud  or  precipitation,  satellites  can  only  provide  a 
very  incomplete  answer.  Obviously,  some  new  break- 
through in  weather  observing  is  required.  The  propo- 
nents of  ground-based  remote  sensing  claim  that  these 
techniques  offer  such  a  breakthrough;  moreover,  they 
ilaim  that  their  use  will  radically  change  the  nature  and 
scope  of  the  atmospheric  research  and  services  of  the 
future. 

The  potential  advantages  of  remote  sensing  are  major, 
and  may  be  listed  as  follows: 

a)  The  observations  are  taken  remotely,  i.e.,  without 
requiring  that  in  situ  instrumentation  be  carried  to  the 
region  of  atmosphere  to  be  measured. 

b)  Ideally,  remote  sensing  permits  the  measurement 
of  the  relevant  parameters  of  the  atmosphere  in  I,  2,  or 
.'I  spatial  dimensions,  ail  as  a  function  of  time. 

t)  Excellent  resolution  and  continuity  of  data  in  time 
and/or  space  are  usually  obtainable. 

d)  An  increasingly  broad  range  of  parameters  of  the 
atmosphere  may  be  sensed.  While  a  standard  radiosonde 
is  limited  to  measurements  of  temperature,  humidity, 
and  wind,  parameters  such  as  spectrum  of  turbulence  or 
momentum  flux  can  be  measured  remotely,  e.g.,  by 
Doppler  radars. 

e)  The  measurement  system  does  not  modify  the  pa- 
rameter being  measured.  In  some  in  situ  measurement 
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systems  this  ran  be  of  serious  concern,  as  in  the  case  of 
aircraft  or  meteorological  tower  observations. 

f)  The  remote  sensing  measurements  typically  provide 
.1  line,  area,  or  volume  integration.  This  helps  to  ensure 
ill. 11  the  observations  are  more  representative  of  the 
medium  than  those  hum  a  single  point  sensor,  which 
may  be  adversely  alfcctcd  by  local  or  transient  per- 
lurhations. 

g)  Remote  sensing  instrumentation  is  usually  auto- 
matic and  often  can  provide  fully  processed  data  21  hi 
per  clay  with  a  minimum  of  manpower. 

It  should  be  noted  that  the  above  are  potential  ad- 
vantages, which,  though  generally  applicable  to  the  field 
nl  remote  sensing,  in  most  rases  have  yet  to  be  fully 
realised. 

2.  Categorization  of  the  status  of  remote  sensing 
In  attempting  to  describe  the  status  of  remote  sensing 
.>l  the  troposphere,  it  is  necessary  to  describe  the  prog 
iess  in  terms  ol  several  different  aspects  or  interlaces  of 
leinote  sensing.  First,  the  range  of  parameters  to  be 
measured  is  large.  Thus,  a  reasonably  full  knowledge  of 
i he  condition  of  the  atmosphere  around  the  observing 
site  requires  information  on  the  3-dimensional  distribu- 
tion of  seven  parameters,  all  as  a  function  of  time.  These 
parameters  are:  wind;  temperature;  humidity;  cloud 
particles;  precipitation;  aerosols;  and  gaseous  pollutants. 
For  each  of  these  parameters,  different  types  of  meas- 
urements'may  be  required  ranging  from  the  relatively 
simple  average  value  of  the  parameter  along  some  line 
io  the  full  4-dimensional  distribution  of  the  parameter 
in  time  and  space.  These  different  types  of  measure- 
ments form  a  hierarchy  of  increasing  information  con- 
tent (and  usually  of  difficulty  in  acquisition)  as  follows: 

line  integral — the  integrated  value  of  the  parameter 
along  a  line  through  the  whole  atmosphere 

fine  average — the  average  value  of  the  parameter 
along  some  line  of  known  length 

Line  profile — the  distribution  of  the  parameter  along 
some  line  of  known  length 

2-dimensional  coverage — the  distribution  of  the  pa- 
rameter over  a  plane 

'■dimensional  coverage — the  distribution  of  the  pa- 
rameter in  space  around  the  instrument 

Structure  constant — a  measure  of  the  intensity  of 
small-scale  fluctuations  of  the  parameter  in  space 
and  time 

?  dimensional  spectrin— the  3-dimensional  power 
spatial  spectrum  of  variability  of  the  parameter  in 
space — i.e.,  how  strong  are  the  variations  of  the 
parameter  as  a  function  of  the  spatial  size  of  the 
irregularity 

Ftnx — the  rate  at  which  mass,  momentum,  or  heat  is 
being  transported  (usually  in  the  vertical  direction). 

Remote  sensing  is  based  on  measurements  of  the  in- 
teraction of  waves  with  the  medium  under  study.  In 


remote  sensing  ol  atmospheric  conditions,  it  has  been 
found  important  to  make  use  ol  the  unique  advantages 
peculiar  to  acoustic,  radio,  and  optic. il  waves,  and  to 
recognize  that  passive  remote  sensing  systems  (using 
waves  of  natural  origin)  as  well  as  iciivc  systems  (using 
man-made  wives)  each  have  their  own  particular  ad- 
vantages. 

At  this  point,  we  illustrate  some  ol  the-  present  capa- 
bilities of  remote  sensing,  using  dillcrcn!  remote  sensing 
techniques  (acoustic,  radio,  and  optic. il)  to  illustrate  the 
full  range  of  the  eight  elilleient  tvpes  ol  measurement 
(from  line  integral  to  veitical  llu\)  of  various  meleoro 
logical  parameters.  Implicit  in  these  illustrations  tire 
many  of  the  advantages  cited  earlier,  lor  reasons  of 
convenience,  most  of  the  examples  aie  from  the  woik 
of  colleagues  in  the  Wave  Propagation  Laboratory;  ii 
should,  of  course,  be  recognized  that  similar  and  in  sonic 
cases  more  striking  examples  aie  available  from  the  work 
of  other  groups  within  the  U.S.A.  or  elsewhere. 

Fig.  1  plots  contours  of  the  line  integral  of  liquid 
water  of  a  thunderstorm,  as  obtained  by  Decker  and 
Out  ton  (1970)  using  a  10-GHz  microwave  radiometer  in 
a  steerable  (iO-ft  diameter  parabolic  antenna.  The  de- 
velopment of  the  storm  in  a  period  of  one  hour  is  shown 
in  the  series  of  four  contour  plots,  taken  approximately 
15  min  apart.  Note  the  changing  azimuth  of  the  storm 
with  time,  and  its  separation  into  two  cells  after  orig- 
inating as  a  single  cell. 

In  Fig.  2.  the  measurement  of  the  average  value  of  a 
meteorological  parameter  (in  this  case,  the  transverse 
component  of  wind  velocity  across  a  laser  beam)  is  illus- 
trated. These  data  are  taken  from  a  paper  by  Lawrence 
ct  al.  (1972),  which  describes  the  use  of  measurements 
of  the  motion  of  the  scintillation  pattern  to  derive  the 
mean  transverse  component  of  the  wind.  The  upper 
curve  shows  the  average  value  of  transverse  wind  across 
the  1-km  laser  path  as  derived  optically,  the  lower  curve 
as  derived  from  seven  anemometers  spaced  evenly  along 
the  path.  In  both  cases,  the  data  have  been  smoothed 
with  a  ten-minute  running  average.  The  agreement  be 
tween  the  two  data  sets  is  obviously  extremely  good: 
investigation  indicates  that  much  of  the  residual  discrep- 
ancy is  due  to  the  failure  of  the  seven  anemometers  to 
measure  the  true  mean  wind,  even  after  smoothing  for 
10  min. 

The  measurement  of  the  line  profile  of  a  meteorologi- 
cal parameter  is  illustrated  by  Fig.  8,  taken  from  a  paper 
by  Snider  (1972).  In  this  study,  multifrequency,  passive 
radiometric  data  were  obtained  in  the  5-6  mm  O.  ab- 
sorption band,  using  four  different  frequencies  and 
observations  at  several  antenna  elevation  angles.  The 
inferred  temperature  profile  is  compared  with  that  ob- 
tained by  a  radiosonde  released  locally.  Note  the  excel 
lent  general  agieement  between  the  iv/o  sets  of  data, 
though  (as  is  typical  of  this  kind  of  radiometric  measure- 
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incut)  the  sharp  ground-based  radiation  inversion  is 
somewhat  smoothed  in  the  radio  measurements. 

A  two-dimensional  scan  of  aerosol  content  is  given  in 
Fig.  4,  taken  from  work  of  Johnson  and  Uthc  of  Stan- 
ford Research  Institute.  In  this  case,  an  optical  radar 
system  was  scanned  in  elevation  at  fixed  azimuth  to 
produce  this  range-height  plot  of  the  intensity  of  the 
optical  signal  backsc  altered  from  the  aerosol.  Note  how 
clearly  the  1.5-kin  depth  of  the  mixing  layer  is  defined: 
also  the  smoke  plume  seen  at  a  range  of  about  3  km. 

Three-dimensional  coverage  is  illustrated  in  Figs.  5,  (i, 
and  7,  taken  from  recent  unpublished  work  by  Ntrauih 
and  his  colleagues  of  the  Wave  Propagation  Laboratory. 
These  two-dimensional  plots  show  the  velocity  field  ol 
snow  particles,  obtained  using  two  spaced  Dopplcr 
radars  (Lhermittc,  19C9).  Fig.  5  shows  the  velocity  in  a 
plane  including  both  radars  and  inclined  at  an  elevation 
of  4°.  This  velocity  field  shows  relatively  little  structure; 
however,  on  subtracting  from  each  point  value  the  av- 
rragc  velocity  of  the  particles  in  the  plane,  a  strong  eddy 
pattern  immediately  becomes  apparent  (Fig.  f>).  Approx- 
imalcls  0.5  mill  later,  the  two  radars  scanned  a  diflcrcnt 


plane,  the  corresponding  eddy  flow  being  as  shown  in 
Fig.  7.  In  this  way,  a  large  3-diniensional  region  of  a 
storm  can  be  scanned  by  two  Doppler  radars  to  give  the 
.H-dimcnsional  velocity  held  down  to  resolutions  com- 
parable to  the  pulse  volume. 

In  Fig.  8,  the  ability  of  radar  systems  to  measure  pro- 
hies  of  the  structure  constant  of  refractive  index  is  illus- 
trated. These  data  were  obtained  using  a  monostatic 
acoustic  echo  sounder  directed  overhead.  In  this  case  the 
echoes  are  due  to  \/'l  sized  temperature  eddies,  and  the 
echo  power  can  therefore  be  immediately  expressed  in 
terms  of  the  structure  constant  for  temperature,  CT.  Two 
main  regions  of  strong  C.T  are  shown,  separated  by  a 
region  of  much  lower  C,  values:  tin's  pattern  results  from 
thermal  plumes  separated  by  regions  of  relatively  ho- 
mogeneous, descending  air  between  the  plumes  (Hall. 
1972), 

Measurements  ol  the  spectrum  of  turbulence  are 
shown  in  Fig.  9.  due  to  Lhermitte  (1968).  These  data 
were  taken  during  a  snowstorm  in  Oklahoma,  using  a 
single  Dopplei  radar  scanning  at  low  elevation  angles 
in  the  upwind  and  downwind  directions.  I.heimitle  also 
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Fie.  2.  Comparison  of  optical  measurements  of  the  mean 
transverse  component  of  wind,  in  meters  per  second,  across 
a  1-km  laser  beam  path  (upper  curve)  with  the  average  trans- 
verse velocity  registered  by  seven  propeller-type  anemom- 
eters spaced  evenly  along  ihc  path.  (From  Lawrence  rl  til., 
1972.) 


BOULDER,  COLO. 
0400  4/28/71 

4  Frequencies 
6  Angles 

Inferred  Profile 


ALL-MONTH 
STATISTICS 


240       250        260        270        280        290 

Temperature  (K) 

Kir..  3.  Comparison  of  temperature  profiles  obtained  re- 
motely by  multi-frequency,  multi-elevation  angle  radiometric 
observations  in  the  5-6  mm  wavelength  oxygen  absorption 
band,  with  those  obtained  by  a  standard  radiosonde.  (From 
Snider,  1972.) 


showed  that  the  difference  between  the  spectra  measured 
in  the  upwind  and  downwind  directions  are  due  to  the 
correlation  between  the  horizontal  and  the  vertical  ve- 
locity fluctuations,  and  arc  therefore  a  direct  measure 
of  the  momentum  fluv. 
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Fir,.  4.  Lidar  observation!  of  atmospheric  structure  in  relatively  clear  air.  Vertical  cross  section  through  smoke  plume  from 
245-m  stack  at  Homer  City  Power  Plant,  Pa.,  3  May  1970,  1842  EDT.  The  section  was  made  1  km  downwind  of  the  stack  at 
which  distance  the  smoke  was  virtually  invisible  to  the  eye.  Turbid  boundary  layer  extended  to  a  height  of  1.5  km  (Courtesy 
Dr.  R.  T.  H.  Collis.) 
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In..  ."».  Two-dimensional  map  of  velocity  of  stum  Hakes. 
measured  l)v  .1  two-station  microwave  l>oj>|>li'i'  system.  The 
plane  in  which  the  vectors  lie  is  inclined  al  t  elevation,  .mil 
includes  the  two  radars  (located  al  the  intersection  of  the 
converging  radii).  Hie  length  of  I  he  arrow  at  the  bottom  lefl 
of  the  diagram  eoi  responds  to  !.">  in  sec"1.  (Miller,  1°7I2.) 


A 


I  ii..  (i.  Two-dimensional  map  of  llie  eddv  How  li'elcl  in  the 
same  plane  as  Fig.  5,  obtained  In  subtracting  the  mean  value 
of  the  velocity  of  l lie  particles  in  the  plane  from  each  mini 
of  Fig.  ~>.  (Miller,  l<l"2.)  The  length  til  the  arrow  al  the  bot- 
tom left  ot  the  diagram  corresponds  to  L'  m  se<   '. 


In  general,  llie  development  of  a  union  sensing  con- 
cept (.in  be  seen  lr>  follow  .1  logical  sequence.  In  the 
first  step  (Step  A),  the  concept  is  identified,  and  pre- 
liminary first-order  estimates  made  of  iis  feasibility.  In 
Step  K.  the  potential  capabilities  and  limitations  ol  the 
concept  are  analyzed  theoretically  in  considerable  detail. 
II  the  concept  still  appears  attractive,  the  development 
of  a  research  equipment  for  the  experimental  evaluation 
of  these  capabilities  and  limitations  takes  place  in  Step 
(.'..  Assuming  that  this  quantitative  experimental  evalua- 
tion of  the  concept  is  successful,  the  next  stage  (Step  1)) 
is  to  replace  the  research  model  with  a  developmeni.il 
model  which  is  thought  of  as  a  prototype  of  an  opera- 
tional unit  that  will  be  capable  of  being  used  rou- 
tinely in  the  field  by  research  workers  or  technicians 
other  than  the  original  research  group.  If  the  concept 
continues  to  show  promise,  Step  F.  involves  working  with 
industry  to  obtain  commercially  built  prototype  units 
for  field  evaluation.  Once  this  stage  has  been  successfully 
completed,  the  final  stage  (Step  F)  requires  that  fully 
evaluated  commercial  units  be  routinely  available  for 
procurement. 

The  status  of  the  remote  sensing  of  the  troposphere  is 
now  discussed  in  terms  of  these  stages,  A-F,  of  develop- 
ment of  acoustic,  radio,  and  optical  remote  sensing  tech- 
niques for  the  different  types  of  measurement  of  the 
seven  meteorological  parameters  listed  above. 

3.  Acoustic  remote  sensing  of  the  troposphere 

Table  1  summarizes  the  status  of  acoustic  remote  sensing 


ol  the  boundary  layer  nuclei  clear  air  conditions,  using 
letters  to  denote  the  sequence  ol  stages  described  in  the 
previous  section.  The  lootnotes  below  Table  1  and  suc- 
ceeding tables  icier  to  the  superscript  numbers  in  the 
table,  and  indicate  the  nature  of  (he  equipment  respon- 
sible lor  each  specific  measurement  category.  Where 
possible,  a  recent  reference  is  given  to  the  work  on 
which  the  entry  was  based. 

The  status  of  acoustic  echo  sounding  of  the  boundary 
layer  under  cloud  or  log  conditions  is  summarized  in 
Table  2.  Present  experience  with  the  operation  of  acous- 
tic echo  sounders  under  conditions  of  cloud,  log,  rain 
or  snow  is  very  limited.  Analysis  by  Little  (1972a)  indi- 
cates that  hydromctcor  echoes  should  be  readily  obtain- 
able (at  least  in  the  lowest  few  hundred  meters),  pro- 
vided frequencies  ol  the  order  several  thousand  Hz  are 
used.  The  use  of  these  high  frequencies  (required  to 
obtain  adequate  scattering  cross  section  from  the  hydro- 
meteors)  increases  ihe  absorption  ol  acoustic  energy  by 
the  atmosphere,  and  acoustic  studies  of  the  precipitation 
or  cloud  particles  themselves  will  be  limited  to  the  lower 
boundary  layer.  Because  of  the  X  '  dependence  of  the 
hydrometeor  scattering  cross  section  upon  wavelength, 
the  effects  of  the  hydrometeor  echoes  can  be  greatly 
reduced  by  using  low  acoustic  frequencies.  It  is  therefore 
possible  to  probe  the  atmosphere,  under  clear  sky  or 
cloudy  conditions,  provided  that  sufficiently  long  wave- 
lengths (e.g.,  X  ^  30  cm)  are  used. 

The  status  ol  acoustic  echo  sounding  of  the  boundary 
layer    under    precipitation    conditions    is    indicated    in 
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I  n  7  1  uo  dimensional  map  of  tlic  cikly  flow  licld  in  a 
plane  .11  an  elevation  angle  of  !>",  taken  .S2  see  after  ilit*  data 
in  1  ins.  "i  ami  0.  (Miller,   1972.)    The  leiiKlh  of  I  lie  arrow  al 

ihe  lioiiom  left  of  ilie  <li.ini.ini  corresponds  lo  2  m  set "'. 


I  able  S.  Precipitation  in  I  lit  form  of  rain  or  hail  would 
increase  the  noise  level  at  the  receiving  antenna  and 
might  preclude  successful  operation;  presumably  drizzle 
and  snow  would  not  have  such  effects,  though  the  pres- 
ence of  these  particles  might  enhance  the  absorption. 
Ihe  theoretical  work  of  Cole  and  Dobbins  (1970,  1971) 
indicates  that  this  absorption  will  not  he  significant  if 
the  cloud  and  precipitation  are  in  the  form  of  liquid 
chops,  but  it  is  possible  that  the  enhanced  surface  areas 
of  snowflakes  and  ice  crystals  might  result  in  enhanced 
absorption.  To  summarize,  present  information  suggests 
that  cloud,  fog  and  drizzle  conditions  should  have  little 
effect  upon  acoustic  echo  sounders  operating  at  frequen- 
c  ies  below  about  1  kHz,  though  snow  conditions  might 
enhance  the  acoustic  absorption  and  rain  or  hail  could 
seriously  enhance  the  ambient  noise  level  at  the  receiv- 
ing antenna.  Parentheses  are  therefore  used  in  Table  3 
to  denote  that  acoustic  echo-sounding  systems  will  ex- 
perience serious  degradation  or  failure  during  rain  or 
hail  conditions. 

Although  acoustic  echoes  have  on  occasion  been  ob- 
served at  heights  up  to  several  kilometers,  quantitative 
measurements  have  not  yet  been  made  above  the  bound- 
ary layer.  However,  prospects  for  acoustic  echo-sounding 
of  the  clear  or  cloudy  troposphere  are  good;  for  a  discus- 
sion of  these  prospects,  the  reader  is  referred  to  Little 
(1972b). 

4.  Radio  remote  sensing  of  the  troposphere 

In  general,  radiowaves  interact  more  weakly  with  the 
dear  atmosphere  than  optical  waves  or  acoustic  waves. 
Nevertheless,  both  passive  and  active  radio  systems  have 
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Fin.  h  Height-time  contours  of  temperature  structure  con 
slant,  (,.  measured  using  a  mouostatic:  acoustic  echo  souudci 
during  convective  conditions.  1  he  shaded  regions  are  regions 
of  enhanced  <",  clue  lo  thermal  plumes.  (Hall,  1972.) 
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Fig.  9.  Spectra  of  turbulence  observed  in  the  upwind  and 
downwind  directions  during  a  snow  storm,  using  a  single 
microwave  Doppler  radar  system.  The  difference  in  the  spec 
tral  intensity  in  the  upwind  and  downwind  directions  is  due 
to  the  covariance  of  the  vertical  and  horizontal  fluctuations 
in  velocity,  and  is  therefore  a  direct  measure  of  the  momen- 
tum flux.  (I  hermilte,  1969.) 
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I'aiii.K  I.  Status  n(  acoustic  remote  sensing  of  the 
boundary  layer  under  clear  air  conditions. 


Taisi.K  2.  Stales  ill  acoustic  remote  sensing  of  the 

boundars  layer  under  <  loililv  conditions. 


\Param- 

\c.er 
'peof\ 
easure-  \ 

imc  in           \ 

\\ 

incl 
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n 

Traii* 

1   . 

iniii- 
cliiial 
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■nip'T- 
it  in  c- 

1   1  lumitl- 

Aero- 

-cil 


iHlllll- 


Line  average 

C 

(•> 

C» 

Line  profile 

(■ 

i 

C3 

1    v 

1 

2-1)  coverage 

V 

1 

3-D  coverage 

1 

Structure 

r 

constant 

A5 

C" 

-?-L)  spectrum 

A" 

Flux 

A» 

A" 

'Spaced  line-of -sight,  cross-correlation  techniques  (Mandics, 
1971). 

!  Sonic  anemometer  (Little,  1%')). 

-1  Doppler  echo  sounding  (Beran  and  Clifford,  1972). 

1  Steerable  or  multibeam  Doppler  echo  sounding  (Hall,  private 
communication). 

I  Bistatic  echo  sounding  (Little,  1969). 
r'  Doppler  echo  sounding  (Little,  1969). 

T  Doppler  echo  sounding  (Little,  19721)). 

*  Sonic  anemometer/thermometer  (Little,  1969). 

9  Multi-frequency  monostatic  echo  sounding  (Gething  and  Jens- 
sen,  1971). 

10  Monostatic  echo  sounding  (Little,  1969). 

II  From  Ct  measurements  (Wyngaard  el  <;/.,  1971). 


bcVn  used.  The  passive  systems  rely  oil  the  absorption 
(and  therefore  emission)  of  radio  waves  by  water  vapor 
at  about  1.35  cm  wavelength,  and  by  oxygen  at  5-6  mm 
wavelength.  Such  systems  are  capable  of  measuring  inte- 
grated water  vapor  and  prohlcs  of  temperature,  respec- 
tively. The  active  systems  include  line-of-sight  and  for- 
ward scatter  systems,  as  well  as  radar  systems.  The  back- 
scattering  radar  cross  section  due  to  clear  air  is  usually 
very  low,  and  high  sensitivity  radars  (either  high  power 
pulsed  systems,  or  FM-CW  systems)  are  required.  Even 
these  systems  do  not  give  continuous  echoes  from  all 
volumes,   but   detect  only   the   regions   of  most   intense 
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1  Spaced  linc-of -sight,  cross-correlation  technique*  iMa 

■  Sonic  anemometer  (Little,  |oft<>). 

1  Doppler  echo  sounding  ( Beran  unci  (lifTorcl.  l<>72). 

*  Steerable  or  muhihcani  Doppler  echo  sounding  (Mall. 
lion). 

•  Bistatic  echo  sounding  (Little,  ICHW). 
s  Doppler  echo  sounding  (Little,  ("A'*). 

7  Doppler  echo  sounding  (Little,  10721)). 

1  Monostatic  acoustic  echo-sounding  (Little,  tonOi. 

,J  From  Ct  measurements  (Wyngaard  rl  ill..  1071). 

lu  High  frequency  acoustic  echo  - idiug  io  a  few  limn! 

,illle,  l')72l,). 


fluctuations  in  radio-frequency  icfrac.iiviiy.  Alterna- 
tively, artificial  targets  (chad)  may  be  introduced  into 
the  atmosphere;  more  rarely,  the  density  of  small  inset ts 
may  be  sufficiently  high  that  their  echoes  can  be  used  as 
tracers  of  the  air  motion. 

Tables  1  and  5  give  the  status  of  radio  remote  sensing 
of  the  clear  atmosphere  in  the  boundary  layer  and  tropo- 
sphere, respectively,  and  indicate  in  parentheses  those 
radio  remote  sensing  capabilities  which  arc  dependent 
upon  the1  presence  of  chair.  Also  included  in  Table  'I  is 
a  hybrid  acoustic-radiowavc  technique,  variously  desig- 
nated F.MAC  (elct  tromagntiic -acoustic)  or  RASS  (radio- 
acoustic  sensing  system),  which  may  be  used  to  derive 
temperature  and/or  wind  profiles.  In  these  studies,  a 
powerful  acoustic  pulse  is  tracked  by  a  radar  system, 
which  obtains  echoes  because  of  the  spatial  modulation 
of  radio  frequency  refractive  index  created  by  the  pres- 
sure oscillations  of  the  acoustic  wave.  As  implied  in 
Tables  4  and  5,  radio  waves  are  essentially  unaffected  by 


Table  3.  Status  of  acoustic  remote  sensing  of  the  boundary  layer  under  precipitation  conditions. 


\Parametcr 
Type  of    \ 
measurement^ 

Wind 

Temperature 

Humidity 

Precipitation 

Aerosol 

Gaseous 

Transverse 

Longitudinal 

pollutant- 

Line  average 
Line  profile 

(A1) 

(A1) 

(B3) 
(A») 

2-D  coverage 
3-D  coverage 
Structure  constant 
3-D  spectrum 
Flux 

(A') 

(A2) 
(A') 

(A1) 

• 

1  Doppler  acoustic  echo  sounding  (Beran  and  Clifford,  1972). 
*  Bistatic  echo  sounding  (Little,  1969). 

1  High  frequency  echo  sounding  to  a  few  hundred  meters  range  (Little,  1972a). 

Note:  The  parentheses  are  used  to  denote  that  system  performance  will  he  degraded  by  enhanced  ambient  noise  level  if  the  precipi- 
tation is  in  the  form  of  rain  or  hail. 
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T\ule  4.  Status  nf  radii)  remote  sensing  of  tin- 
boundary  layer  under  clear  air  conditions. 
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1  Spaced    linc-of-sighl    crossi orrelation    techniques    (I.ee  anil 
Waterman,  1968). 
-  Multi-station  Doppler  radar,  using  chaff  (Lhermitte,  1969). 
Single  station  Doppler  radar,  using  chaff  (Lhermitte,  196°;. 

*  Passive  multi-frequency  and /or  multi-angle  scan  of  Oi  ali- 
sorption  at  ~5  mm  (Snider,  1972;  Hosier  and  [.emraons,  1972). 

1  Hvbrid  acoustic-radio  (RASS)  echo  sounding  (Marshall 
././/..  1972). 

*  Line-of-sight  lime-of-flight  measurentenls  of  integrated  re- 
t'ractivity  (Bean  et  al.,  1969). 

:  From  FM-CW  radar  echo  power,  assuming  refractivity  fluc- 
uialions  are  primarily  caused  by  water  vapor  (Bean,  1971). 

Vote:  The  parentheses  are  used  to  denote  that  rhaff  will  be 
required  for  these  measurements  in  dear  air. 


TwiLK  5.  Status  of  radio  remote  Sensing  of  the 
troposphere  under  clear  air  conditions. 
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'Forward  scatter  Doppler  measurements  with  KAKF.  system 
lllirkemeiere.  a/.,  1969). 

•Single  station  Doppler  radar,  using  chaff  (I. herniate,  1969). 

3  Multi-station'Doppler  radar,  using  chaff  (Lhermitte,  1969). 

'  Passive  O2  radiometer  measurements  (to  ^5  km  height  only) 
(Snider,  1972;  Hosier  and  Lemmons,  1972). 

'Passive  20  GHz  radiometer  measurements  (Ciuiraud  el  al., 
1972). 

6  FM-CW  radar  (Richler,  1969). 

Note:  The  parentheses  arc  used  to  denote  that  chaff  will  be 
required  for  these  measurements  in  clear  air. 


aerosol  and  gaseous  pollutants  at  the  densities  normally  be  ignored.  Using 

lotind  in  the  atmosphere.  clear  atmosphere  a 

The  abrupt  change  in  radio  frequency  refractive  index  wavelengths.)  For 

represented  by  a  hydrometeor  is  enormously  larger  than  from  precipitation 

the   refractivity   fluctuations    present    in   clear   air,   and  tion  and  intensity 

hence   appreciable  radio   power   is  scattered,   especially  major  efforts  have 

for  wavelengths  comparable  in  size  with  the  drop.  (At  to   determine   the 

much  longer  wavelengths,  the  scattering  is  weak  and  can  hence  of  the  hori 


this  fact,  it  is  possible  to  probe  the 
bove  the  clouds  by  using  long  enough 
many  years,  microwave  radar  echoes 

have  been  used  to  monitor  the  loca- 

of  precipitation.  In  the  past  decade, 
been  made  to  use  Doppler  techniques 

velocities  of  the  precipitation,  and 
xontnl  velocity  field  of  the  air.  The 


Table  6.  Status  of  radio  remote  sensing  of  the  boundary  layer  and  troposphere  under 
conditions  of  precipitation  or  cloud. 


^Parameter 
Tyiic  of    \ 
im-asurcmelll  \ 

Wind 

Tcmpr  ralure 

Humidity 

Precipitation 

Aerosol 

Gaseous 

Transfer- 

1    1 

.01lKitudin.1l 

pollutants 

Line  integral 
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Line  average- 
Line  profile 
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cs 

2-D  coverage 
3-D  coverage 

c« 

c« 

Structure  constant 

3-D  spectrum 

(•' 

c« 

Flux 

0 

c: 

1  Single  station  Doppler  radar  (Lhermitte,  19691. 

-  Scanning  single  Doppler  radar  in  a  plane  will  give  2-D  plot  of  radial  velocity.  Two-dimensional  coverage  of  the  vector  wind  requires 
two  Doppler  radars,  preferably  operating  in  the  coplane  mode  (Lhermitte,  1969). 
1  Three  (or  more)  Doppler  radar  system  (Lhermitte,  1969). 
'  From  echo  power  on  calibrated  radar,  or  passive  microwave  radiometry  at  5   10  GHz  (Atlas,  1964;  Decker  and  Dutton,  1970). 

Calibrated  radar  (Atlas,  1964). 
'■  Sianning  calibrated  radar  (Atlas,  1964). 
;  From  Z-R  relationships  (Atlas,  1964). 
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status  ol  ill  is  woik  is  shown  iii  Tabic  (i,  which  covers 
liotli  boundary  layer  and  troposphere  studies  of  radio 
remote  tensing  under  conditions  of  precipitation  01 
i loads.    Implicit    in    the   absence  of   the   parentheses   in 

I  able  I)  is  the  assumption  that  the  radars  used  have 
wavelengths:  and  sensitivities  such  that  echoes  are  ob- 
tained from  cloud  panicles,  or  alternatively,  that  chall 
i\  released   to  increase   the   reflectivity  of  the  medium. 

I  liis  tabic  also  i overs  the  use  of  passive  microwave  radio- 
metric techniques  to  derive  integrated  liquid  water  con- 
tent along  the  beam,  using  the  5-10  GHz  radio  waves 
emitted  b\   the  water  drops. 

5.  Optical  remote  sensing  of  the  troposphere 

The  interaction  of  optical  waves  with  the  constituents 
of  the  atmosphere  is  extraordinarily  rich  and  varied, 
and  we  may  therefore  expect  that  in  the  long  run  optical 
techniques  will  eventually  become  dominant  in  remote 
sensing  of  the  clear  atmosphere.  While  passive  optical 
remote  sensing  systems  will  undoubtedly  be  used,  the 
principal  progress  is  likely  to  come  with  the  develop- 
ment of  the  field  of  "lidar  spectroscopy."  This  field 
combines  the  remote  sensing  advantages  of  radar  with 
the  chemical  specificity  of  spectroscopy,  and  the  coherent 
properties  of  lasers,  to  permit  (in  concept  at  least)  the 
remote  interrogation  of  very  small  volumes  of  the  atmo- 
sphere for  specific  constituents.  The  potential  advan- 
tages of  lidar  spectroscopy,  relative  to  radio  or  acoustic 
techniques,  may  be  listed  as:  excellent  angular  resolution; 
excellent  range  resolution;  excellent  Doppler  resolution; 
excellent  chemical  specificity;  very  fast  information 
rate:  and  broad  range  of  parameters  conceptually  avail- 
able. This  latter  point  is  well  illustrated  in  Table  7, 
which  indicates  the  status  of  optical  remote  sensing  of 
the  (clear)  boundary  layer.  A  very  full  range  of  remote 
sensing  measurements  is  conceptually  practicable  though 
as  of  this  time  relatively  few  optical  measurement  tech- 
niques have  been  tested  experimentally.  Currently,  the 
problem  is  primarily  technological.  Ideally,  one  would 
like  to  be  able  to  transmit  short  (e.g.,  10  nanosecond) 
pulses,  at  very  high  power  (e.g.,  101B  photons/pulse),  at 
high  pulse  repetition  rales  (e.g.,  10'  pulses  per  second) 
from  highly  directive  telescopes  (beam  divergence  ^10"' 
radian)  using  tunable  laser  systems  capable  of  operating 
in  the  IJV,  optical,  and  near  infrared.  While  these  pa- 
l.uiietcis  can  be  met  or  exceeded  separately,  they  cannot 
vet  be  attained  simultaneously  in  the  same  system.  Never- 
theless, laser  technology  continues  to  make  rapid  prog- 
ress. It  should  also  be  emphasized  that  much  of  the 
detailed  spectroscopic  information  needed  for  remote 
sensing  purposes  is  not  available,  and  will  have  to  be 
obtained  if  the  field  is  to  advance  efficiently. 

The  possibility  of  optical  Doppler  studies  of  motions 
in  the  clear  boundary  layer  is  obviously  important,  and 
is  at  the  heart  of  many  of  the  velocity  or  flux  measuring 
concepts  listed  in  Table  7.  At  the  moment,  the  likeli- 
hood of  optical  Doppler  measurements  of  clear  air  at 
distances  of  several  kilometers  seems  remote,  and  hence 


Table  K,  which  gives  the  status  of  optical  remote:  sensing 
in  the  troposphere,  is  much  less  complete  than  lor  the 
corresponding  boundary  layer  table   Table  7. 

Under  conditions  of  cloud  and  fog,  optical  wave- 
lengths arc  scattered  very  strongly,  and  penetration 
depths  may  be  limited  to  a  lew  tens  of  meters.  It  then 
fore  seems  very  unlikely  that  optical  waves  will  be  ol 
much  use  in  meteorological  remote  sensing  of  the  inte- 
rior of  clouds.  Cloud  height,  however,  can  be  readih 
determined,  and  it  is  possible  that  differences  in  the 
depolarization  characteristics  ol  liquid  particles  and  ice 
crystals  might  permit  the  remote  identification  of  the 
nature  of  the  cloud  particles.  It  is  also  possible  that 
nuiltiwavelength  lidar  probing  of  clouds  from  the  out- 
side could  give  some  information  on  the  si/e  distribution 
of  the  particles  in  the  outer  tens  of  meters.  Radiometric 
measurements  could  also  be  used  to  give  their  tem- 
perature. 

Under  conditions  of  precipitation,  the  optical  scatter- 
ing cross  section  per  unit  volume  of  the  boundary  lavtr 


Table  7.  Status  of  optical  re-mote  sensing  of  the 
boundary  layer  under  clear  air  conditions. 


\Par;ini- 
\eli-r 
Type  of  \ 
measure-      \ 
ment  \ 


Line  average 
Line  profile 

2-D  coverage 
3-D  coverage 
Structure 

constan  t 
3-D  spectrum 
Flux 


Traill 
|     verse 


Longi- 
tudinal 


A3 


Trjii[.er-       Humili- 
ating     i        iiv 


.v 

.V 
A' 

.V 
Y 


('■'■ 


A« 
A6 


A» 

A9 


A' 

A10 


Ac-ro- 

Hll 


C" 


A" 
A" 


JKjllll- 

tant- 


A» 
A" 


A" 
A1' 


■Laser  beam  scintillation  transverse  wind  system  (Lawremc 
el  at.,  1972;. 

•Spaced  lidar  beams,  cell  correlation  method  fDcrr  and  Little 
1970). 

•Laser  beam  scintillation,  longitudinal  wind  component  system 
(Lawrence,  private  communication). 

'Optical  Doppler  (Owens,  1969;  Lawrence  el  a/.,  1972). 

6  Line-of-sight,  time-of-flight  measurements  of  integrated  rc- 
fractivity  (Lawrence,  1969). 

•  Lidar,  using  nitrogen  Raman  density  measurement;  or  Slokcs 
anli-Stokes  ratio  (Strauch  el  ai,  1971 ;  Sal/.man  el  til.,  1971). 

'  Eddy  correlation  method,  using  optical  Doppler  and  N« 
Raman.  - 

•Relative  absorption  of  HCK  laser  lines  (Derr,  private- 
communication). 

•  Lidar,  using  H20  Raman,  or  differential  absorption  in  vicinity 
of  water  vapor  line  (Strauch  el.  al.,  1972;  Schotland,  1969). 

10  Eddy  correlation  method,  using  optical  Doppler  and  H-,0 
Raman. 

"On  frequency  lidar  (Collis,  1970). 

"  Eddy  correlation  method,  using  optical  Doppler  and  aerosol 
scatter. 

u  Infrared  absorption  (Hanst,  1970). 

"Raman,  resonance  Raman  of  fluorescent  spectroscopy  (Derr 
and  Little,  1970). 

16  Eddy  correlation  method,  using  optical  Doppler  and  spectro- 
scopic lidar. 
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TABLE  8.  Status  of  optical  remote  sensing  of  llli 
troposphere  under  clear  air  conditions. 


\Param- 
Xetcr 

l>|.rol'V 
..i-nre-      \ 
mcllt           \ 

W 

Trans- 
verse 

n. i 

Longi- 
tudinal 

Teniprr- 
ature 

Humid- 
ity 

Aero- 
sol 

Gasf 

ou- 

poll  11 
tarn- 

nc  integral 

pic  average 

A' 

V 

c 

lie  profile 

A" 

A- 

(M 

('< 

c« 

1 1  i  overage 

A3 

AJ 

c« 

! )  coverage 

A» 

uclure 

'instant 

i)  spectrum 

ii\ 

Laser  beam  scintillations,  using  geostationary  satellite-borne 
..-.  r. 

Spaced  cell  correlation  method,  using  aerosol  scatter  (Derr 
.,.,.1  Little,  1970). 

I.idar,  using  nitrogen  Raman  density  measurements  (Slrauch, 
,.  ill.,  1971)  or  Stokes  anti-Stokes  ratio  (Salzman  el  al.,  1971). 

■  Lidar,  using  H;0  Raman  density  measurement  (Strauch  elal., 
I07JT). 

Solar  extinction  measurements  (l'egley  el  al.,  1972). 
M  )n-frcquency  lidar  (Collis,  1970). 


conditions;  will)  wllitl  background  noise  level;  elf.,  dr.). 

\  further  problem  is  tli.it  the  accuracy  of  remote  sensing 
instrumentation  is  often  not  well  known,  primarily  he 
cause  of  the  difficulty  oi  obtaining  data  from  an  appro 
priate  network  of  accurate,  ill  'til ii  sensors.  Also,  there  is 
the  question  of  what  do  we  mean  by  accuracv?  For  ex- 
ample, absolute  accuracy,  or  relative  accuracy,  or  pre 
cision?  Despite  these  clilhcullies.  Tables  10 — 1 3  have  been 
prepared  in  order  to  give  the  leader  some  feeling  for  the 
accuracy  believed  available  from  ihn  respective  remote 
sensing  systems  when  operating  under  designed  operat- 
ing conditions.  It  must  be  emphasized  that  the  very 
limited  entries  in  these  tables  arc  at  best  order  of  mag- 
nitude estimates.  It  is  believed  that  the  experimental 
accuracies  actually  attained  will)  present  systems  typ- 
ically arc  within  a  factor  of  thice  of  these  numbers,  and 
that  the  relative  accuracies  of  adjacent  measurements 
made  by  the  same  system  would  be  perhaps  3  to  10  times 
better.  In  most  cases,  the  theoretical  limits  to  the  accu- 
racy of  the  measurement  system  arc  much  smaller  than 
those  presently  attained,  and  we  may  expect  significant 
improvement  in  measurement  accuracy  with  lime. 

For  more  detailed  information  on  the  performance  of 
remote  sensing  systems,   the  reader   is  referred   to  Derr 

(1972). 


is  much  smaller  than  for  clouds,  and  lidar  systems  may 
be  able  to  probe  vertically  to  the  base  of  the  clouds. 
I'able  9  summarizes  the  prospects  for  optical  remote 
sensing  of  the  boundary  layer  under  precipitation  con- 
ditions. Here  it  is  assumed  that  spectroscopic  and 
Doppler  techniques  would  permit  separate  measure- 
ments of  the  precipitating  particles  and  the  gases  of  the 
atmosphere. 

6.  Estimates  of  accuracy  of  remote  sensing 
measurements 

The  specification  of  accuracy  of  a  remote  sensing  system 
involves  very  many  qualifications  (e.g.,  at  what  range; 
with  what  integration  time;  under  what  meteorological 


7.  Pattern  recognition  in  remote  sensing 

Up  to  this  point,  this  paper  has  been  concerned  with 
the  status  of  various  remote  sensing  techniques  to  make 
quantitative  measurements,  of  various  levels  of  informa- 
tion content  and  sophistication,  of  meteorologically  sig- 
nificant parameters.  It  is  important  to  recognize  that 
much  of  the  value  of  remote  sensing  techniques  lies  not 
in  the  ability  to  reproduce  the  kinds  of  quantitative  data 
the  meteorologist  is  accustomed  to,  but  in  the  ability  to 
provide  in  real  time  totally  new  types  of  data  and  data 
presentations.  These  data  can  often  take  the  form  of 
"maps"  or  2-dimensional  displays  of  the  intensity  of 
some  parameter.  Examples  of  such  maps  arc  the  PPI 
plots   of   radar   echo    intensity,    or    the    height   vs   time 


Table  9.  Prospects  for  optical  remote  sensing  of  the  boundary  layer  under  precipitation  conditions. 


\Faramcti-r 
Tyifr  of    \ 

nira>uremcnl\ 

Wind 

TemiKrateire 

Humidity 

Precipitation 

Aerosol 

Gaseous 

Transverse 

Longicudinal 

pollutant 

Line  average 

Line  profile 

A' 

A1 

V 
V 

V 

.V 

A4 
A' 

A< 

2-D  coverage 
1-D  coverage 
Structure  constant 
3-D  spectrum 
Flux 

A' 
A' 
.V 
.V 
A= 

1  Spaced  lidar  beam,  cell  correlation  method  (Derr  and  Little,  1970). 

'Optical  Doppler  (Owens,  1969;  Lawrence  et  al.,  1972). 

'  Lidar,  using  nitrogen  Raman  density  measurement;  or  Stokes  anti-Stokes  ratio  (Slrauch  el  al.,  1971 ;  Salzman  el  al.,  1971 1. 

1  Lidar,  using  H/)  Raman,  or  differential  absorption  in  vicinity  of  water  vapor  line  (Strauch  et  al.,  1972;  Schotlanrl,  1969). 
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I. able  10.  Estimates  of  accural y  i>f  wind  velixiiv  measurement.; 


l-ine  average  of  transverse  velocity 
[  Line  average  of  longitudinal  velocity 
Line  profile  of  transverse  velocity 
Line  profile  of  longitudinal  velocity 
2-D  coverage  of  vector  wind 


Technique 


Line-of-sighl  scintillations 
Sonic  Anemometer 
Multistation  Doppler 
Single  station  Doppler 
Multistation  Doppler 


Acou-lii 

Ksuliii 

Optical 

±I0'/C    ±0.5  IDS"1 

±10',   ±0.5  ins1 

±5' ;  ±  0.3  m 

±  57c  ±0.3  ms"1 

±10f/c  ±0.5  ms  ' 

i    ±  5%  ±  0.3  nis  ' 

±  Sf"t  ±  0.3  ms"1 

1    ±  5' ,  ±  0.2  ms  ' 
±  5','  ±0.3  ms"' 

.Vole:  Remote  measurements  of  the  spectrum  of  turbulence  and  of  the  momentum  llux  arc  currently  available  only  by  microwave 
Doppler  radar.  The  accuracies  of  these  spectra  and  flux  measurements  will  be  determined  by  the  accuracies  (estimated  above)  of  Un- 
original Doppler  measurements  from  which  they  are  calculated. 


facsimile  recordings  from  moiioslalic  acoustic  echo 
sounders.  Fig.  10  is  such  an  echo-sounding  record,  taken 
around  sunrise  under  clear  sky  conditions.  The  "herring- 
hone"  echoes  reaching  up  to  approximately  170  in  at 
the  beginning  of  the  record  are  from  the  ground-based 
radiation  inversion  produced  by  nocturnal  cooling  of 
the  ground.  At  approximately  0830,  2-1/2  hr  after  sun- 
rise, thermal  plumes  began  to  appear  at  the  bottom  of 
the  record,  iiicreasing  in  height  with  time  and  eroding 
the  inversion  until  the  latter  had  completely  disappeared 
by  noon.  Another  example,  taken  under  stable,  noctur- 
nal conditions  is  shown  in  Fig.  11.  The  lowest  strip  of 
echoes,  reaching  up  to  about  200  m,  is  once  again  due 
to  a  ground-based  radiation  inversion,  with  thermal 
plumes  beginning  to  appear  at  about  0745  local  time. 
The  "braided"  echoes  occurring  in  the  height  range 
~400  to  600  m  are  characteristic  of  breaking  Kelvin- 
Helmhollz  waves;  similar  records  have  been  obtained 
from  the  clear  atmosphere  by  high  power-  microwave 
radars,  and  also  by  the  FM-CW  radar. 

Pattern  recognition  (as  opposed  to  full  quantitative 
analysis)  will  initially  play  a  major  role  in  the  use  of 
2-dimensional  displays  such  as  Figs.  10  and  11.  Man  lias 
long  been  accustomed  to  using  his  eyes  as  a  superb 
passive  optical  remote  sensing  system;  it  is  important  to 
recognize  that  the  information  is  processed  by  pattern 
recognition  and  not  by  quantitative  physical  measure- 
ments. (The  large  grey  structure  over  there  is  a  thunder- 
storm. That  transient  line  of  enhanced  brightness  was 
a  flash  of  lightning.  In  that  direction  it  is  raining  al- 
ready. Over  there  the  sky  is  still  clear,  etc.,  etc.) 

It  is  only  in  the  last  25  years  that  local  weather  fore- 
casters have  been  able  to  supplement  the  local  weather 
information  available  from  the  human  eye  with  an  addi- 
tional remote  sensing  capability — namely,  weather  radar. 
Again,  pattern  recognition  (in  this  case  while  looking  at 
"maps"  of  echo  strength)  is  important  to  the  interpreta- 
tion of  the  data. 

Under  clear  sky  conditions,  the  human  eye  and  the 
weather  radar  receive  no  information  (other  than  the 
Tact  thai  there  is  no  pattern)  bul  already  new  remote 
tensing  techniques  permit  the  internal  structure  ol  the 
boundary    layer    to    he    monitored    continuously    under 


Table  II.  l-.Miinaics  of  the  accuracy  of 
temperature  measurements. 


Type  of 
.asurenicni 


I'  -uni.il. M  accuracy 


Line  integral   I  Time-of-flighl        i    ±1°K    ! 

'  j 

Line  profile        Mullifrequency         ±2°K 
()2  radiomeler 
Xj  Raman  lidar 
I  Hybrid  radio-  |    ±1°K 

acoustic 
Slruilurc  Monostatii  ±50', 

constant  acoustic 

sounder 


Table  12.  Kslimales  of  accuracy  of  water  vapor 
content. 


Optical 


±0.2°K 


±I°K 


Type  of 

measurement 


Estimated  accuracx 


Technique 


Line  integral        Microwave 

radiometry 

Line  average       Time-of-flight 
HCM  laser 

bine  profile         II.O  Hainan 

Structure  j  FM-CW 

constant  railar 


Optical 


±10%  ±1  gram/ cm1 
±IU'i 


.;  ±n.i  nil, 

!    ill.  I  nil. 


Table  13.  Estimates  of  accuracy  of 
aerosol  reflectivity. 


Type  ol' 
measurement 


ICstimaleil  ncrura 


Technique 


Optical 


Line  profile     j  Lidar 

2-D  coverage    Scanning  lidar 


Factor  of  2* 
Factor  of  2* 


•Relative  accuracy  of  adjacent  measurements  with  ihe  same 
system  should  be  wilhin  ±10'; . 
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TABLE  MOUNTAIN   FIELD  SITE,    COLORADO 


0950  1000  1030  1100 

Local  Daylight  Time,   13  August   1971 

FlG,   10.  Acoustic  echo  sounding  record  showing  dissipation  by   thermal  plumes  of  nocturnal  ground-based  radiation  inversion. 

(Courtesy  Dr.  Freeman  F.  Hall.) 

clear  sky  conditions.  In  recent  years,  we  have  learned  cifically,  small  scale  (of  order  X/2)  fluctuations  in  tern- 
how  to  use  many  different  tracers,  additional  to  hydro-  perature  and  velocity  can  be  used  acoustically  to  monitor 
meteors,  for  radar-like  measurements  and  displays.  Spe-         the  internal  structure  and  processes  of  the  atmosphere; 

TABLE    MOUNTAIN     FIELD    SITE,      COLORADO 


e?  800 

0) 


600- 


400 


h*   ■ 


'I.J 


i  r 


T  I 1 1 1 1 1 ~-7 


0625         0645  0705         0725 


0745 


,  Local    Time    March    2,    197 


Fie.  11.  Acoustic  echo  sounding  record  showing  "braided"  pattern  characteristic  of  breaking  waves  occurring  above  a  ground- 
based  radiation  inversion.  (Courtesy  Dr.  Freeman  F.  Hall.) 
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similiii'ly,  1 1 •< -  small   scale  fi timidity  fliicliiiitions  can   be 

used  .is  l  racers  (il  boundary  layer  structure  l>y  t'M-dW 
raclar  tcthnitpics.  At  optical  wavelengths,  aerosol  parti- 
cles .in  readily  delected  by  liclar  techniques  and  may 
therefore  he  used  to  monitor  the  boundary  layer.  The 
resultant  echo  patterns  are  already  being  recognized  in 
nuns  ol  thermal  plumes,  inversions,  internal  gravity 
wives,  breaking  waves,  eu.  As  the  local  weather  lore- 
tastel  gains  skill  in  recognizing  patterns  in  mesoscale 
.mil  microscale  maps  ol  parameters  such  as  veloiitv. 
temperature  .mil  humidity  (and  their  small-stale  struc- 
ture parameters,  C',J,  CV,  and  (.',*),  so  he  should  greatly 
enhance  his  ability  to  identify  lite  existence  and  loca- 
tion ol  meteorological  phenomena  or  processes  (e.g., 
thermal  plumes,  radar  hook  echoes,  and  temperature 
inversions)  and  hence  to  observe  and  predict  their  de- 
velopment. Note  that  these  maps  do  not  have  to  have 
high  absolute  at  curacy;  the  many  orders  of  magnitude 
variability  ol  parameters  such  .is  CV,  C',  C',  and  radar 
and  liclar  rellec  tivilies  mean  that  relative  accuracies  ol 
3  db  and  absolute  accuracies  of  10  db  may  be  acceptable 
for  pattern  recognition  purposes.  The  wide  range  of 
2-dimcnsional  or  3-climcnsional  maps  potentially  avail- 
able to  the  meteorologist  of  the  future  will  provide  him 
with  totally  new  abilities  to  watch  lor  changing  atmo- 
spheric conditions,  and  hence  will  radically  affect  both 
the  nature  and  scope  of  future  mesoscale  research  and 
services.  We  may  also  expect  that  the  growing  ability  to 
use  computers  for  pattern  recognition  purposes  will 
eventually  result  in  the  automatic  processing  and  inter- 
pretation of  many  of  the  patterns  revealed  by  the  remote 
sensing  systems  ol  the  future. 
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Abstract.  This  paper  reviews  the  remote  sensing  of  waves  and  turbulence  in  statically  stable  atmo- 
spheric layers,  utilizing  sodar  and  microwave  radar  echoes  from  the  small-scale  inhomogeneities  in 
gaseous  refractive  index  caused  by  localized  fluctuations  in  temperature,  humidity,  and  velocity. 
Scattering  theory  and  sounding  methodology  are  reviewed  briefly,  and  the  relative  performance  of 
typical  radar  and  sodar  systems  compared. 

The  main  section  of  the  paper  takes  the  form  of  a  summary  and  discussion  of  experimental  progress 
since  1969,  showing  how  the  echo  patterns  obtained  may  be  applied  to  the  interpretation  of  multiple 
layering,  gravity  waves,  internal  fronts  and  the  details  of  dynamic  instability  and  the  genesis  of  turbu- 
lence in  stably  stratified  shear  layers.  In  addition,  methods  for  the  measurement  of  the  intensity  of  the 
small-scale  (~  A/2)  variability  of  wind,  temperature  and  water  vapor  from  the  observed  radar  or 
sodar  echo  intensities,  and  the  use  of  Doppler  techniques  for  the  measurement  of  mean  velocity  and 
turbulence  are  discussed. 

1.  Introduction 

In  statically  stable  air,  overturning  and  turbulence  are  generated  by  kinetic  energy 
extracted  from  the  mean  flow.  The  mixing  distorts  and  breaks  up  the  mean  gradients  of 
potential  temperature  and  specific  humidity,  resulting  in  small-scale  temperature  and 
water  vapor  contrasts.  The  refractive-index  variability  resulting  from  fluctuations  in 
temperature,  water  vapor,  and  wind  causes  scattering  of  microwaves  and  acoustic 
waves  (Batchelor,  1955;  Megaw,  1957;  Wheelon,  1959;Tatarski,  1961 ;  Kallistratova, 
1961;  Monin,  1961),  which  provides  a  means  for  remote  sensing  of  the  structure 
within  the  clear  atmosphere.  The  backscattering  is  of  particular  interest  because  radar 
and  sodar  sounding  in  monostatic  configuration  can  produce  informative,  directly 
interpretable  images  of  atmospheric  cross-sections.  Regions  of  turbulent  activity  and 
enhanced  refractive-index  variability  can  be  identified  with  good  spatial  resolution. 
Microwave  scattering  depends  primarily  on  fluctuations  in  temperature  and  water 
vapor.  Normally,  contrasts  in  water  vapor  determine  the  scattering,  but  in  the  higher 
and  drier  parts  of  the  atmosphere  temperature  variations  may  dominate.  Both  temper- 
ature and  wind  variability  affect  acoustic-wavescattering,whiletheinfluenceof  contrasts 

*  SODAR  from  SOund  Detection  And  Ranging  in  analogy  to  RAdio  Detection  And  Ranging. 
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in  water  vapor  usually  may  be  neglected.  For  the  special  case  of  acoustic-wave  back- 
scattering,  only  temperature  fluctuations  contribute. 

No  degree  of  turbulence  is  detectable  by  radar  or  by  monostatic  sodar  unless  air 
layers  are  present  with  gradients  in  potential  refractive  index  (i.e.,  contrasts  in  poten- 
tial temperature  and  specific  humidity).  In  statically  stable  air,  the  vertical  gradient  of 
potential  temperature  guarantees  the  generation  of  temperature  irregularities  in  the 
presence  of  turbulence,  and  some  scattering  will  result.  Moreover,  shears  in  the  mean 
flow  build  up  in  association  with  layers  of  enhanced  static  stability,  and  increased 
temperature  variability  will  be  a  consequence  of  dynamic  instability  and  turbulence  in 
shear  layers.  Water-vapor  gradients  also  tend  to  be  accentuated  in  statically  stable 
shear  layers  and  further  enhance  refractive-index  variability  in  overturning  air.  This 
is  of  particular  importance  for  microwave  scattering  in  the  lower,  humid  atmosphere. 
As  a  consequence,  stably  stratified  shear  layers  will  be  marked  by  small-scale  refractive- 
index  irregularities  which  scatter  interrogating  waves  and  serve  as  tracers  which  out- 
line larger-scale  configurations.  It  becomes  possible  to  obtain  radar  and  sodar  images 
of  clear-air  structure  which  reveal  phenomena  associated  with  quasi-horizontal 
stratification.  Multiple  layering,  gravity  waves  and  internal  fronts,  details  of  dynamic 
instability  and  the  genesis  of  turbulence  have  all  been  studied  with  radar  and  sodar 
techniques.  Through  direct  analysis  of  echo  patterns,  information  on  levels,  configur- 
ations, and  scales  of  various  atmospheric  structures  may  be  obtained.  This  information 
is  particularly  valuable  when  combined  with  conventional  meteorological  profiles  and 
microbarograph  data. 

Sodar  and  radar  backscattering  also  provides  quantitative  information  on  the 
intensity  of  fluctuations  in  refractive  index  within  a  very  narrow  range  of  eddy  sizes, 
centered  at  one-half  the  interrogating  wavelength.  Combining  bistatic  and  monostatic 
sodar  sounding  with  radar  probing,  it  should  be  possible  to  determine  separately  the 
variability  of  wind,  temperature,  and  water  vapor  at  the  smallest  scales.  With  the 
assumption  of  a  Kolmogorov  spectrum,  average  values  are  obtained  for  the  rate  of 
dissipation  of  kinetic  energy,  and  for  the  rate  of  reduction  of  inhomogeneity  in  temper- 
ature and  water  vapor  fields.  Implicit  in  this  information  is  also  some  knowledge  of  the 
mean  vertical  gradients  of  horizontal  velocity,  potential  temperature,  and  specific 
humidity,  because  the  small-scale  structure  results  from  a  transfer  of  kinetic  energy  and 
inhomogeneity  from  the  mean  fields.  Finally,  Doppler  frequencies  in  backscattered 
signals  reflect  the  distribution  of  radial  velocities  in  the  sampled  volume  and  may  be 
analyzed  for  information  on  the  motion  field.  Although  the  technique  has  been  used 
with  success  for  several  years  in  weather  radar  studies  of  storm  systems,  Doppler 
radar  measurements  of  clear-air  motion  have  only  recently  been  obtained  and  much 
work  remains  in  their  interpretation  and  application  to  atmospheric  dynamics. 
Doppler  sodar  measurements,  on  the  other  hand,  have  quickly  become  a  useful 
technique  for  studies  of  motion  in  the  lower  clear  atmosphere.  Both  vertical  motions 
and  the  mean  horizontal  wind  field  have  been  measured  using  monostatic  and  bistatic 
sodar,  separately  or  in  combination. 

Radar  and  sodar  sounding  of  the  clear  atmosphere  has  experienced  an  intensifying 
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interest  in  various  parts  of  the  world  during  the  last  5  to  10  years  (Atlas,  1964;  Atlas 
and  Hardy,  1966;  Yaglom  and  Tatarski,  1967;  Lane,  1967;  Hardy  and  Katz,  1969; 
Ottersten,  1969a;  Hardy,  1972;  Proc.  Radar  Meteor.  Conf.,  1966,  1968,  1970; 
McAllister,  1968;  McAllister  etal.,  1969;  Little,  1969, 1972;  Hall,  1972).  The  interaction 
between  atmospheric  structure  and  interrogating  waves  has  received  a  satisfactory 
description  (Tatarski,  1961;  Monin,  1961;  Smith  and  Rogers,  1963;  Ottersten,  1964, 
1969a,  b,  c,  1972;  Little,  1969).  Imaging  techniques  have  been  developed  to  display  the 
distribution  of  the  intensive  refractive-index  variability  associated  either  with  convec- 
tion due  to  hydrostatic  instability,  or  with  hydrodynamic  instability  and  turbulence  in 
layers  of  enhanced  static  stability.  The  methods  provide  unique  information  on  clear- 
air  structure,  of  value  primarily  in  basic  meteorological  research.  New  results  have 
been  obtained  on  thermal  convection  (Konrad,  1970;  Beran  et  al.,  1971a),  land-  and 
sea-breezes  (Meyer,  1971),  atmospheric  waves  and  internal  fronts  (Gossarde?<z/.,  1970, 
1971;  Gossard  and  Richter,  1970,  1972;  Hooke  et  al.,  1972;  Boucher,  1970;  Katz, 
1972;  Reed  and  Hardy,  1972;  Starr  and  Browning,  1972),  dynamic  instability  and  the 
genesis  of  turbulence  (Atlas  et  al.,  1 970 ;  Browning  and  Watkins,  1 970 ;  Browning  et  al., 
1970;  Ottersten,  1970a;  Browning,  1971 ;  Hardy  et  al.,  1973).  Operational  applications 
of  this  type  of  radar  and  sodar  sounding  in  meteorological  observation  techniques 
have  not  yet  been  realized,  but  efforts  toward  this  goal  are  in  progress  (Derr  and  Little, 
1970;  Little  et  al.,  1970;  Beran,  1971 ;  Beran  and  Willmarth,  1971 ;  Beran  et  al,  1971c; 
Gething  and  Jenssen,  1971;  Simmons  et  al.,  1971;  Harrold  and  Browning,  1971). 
The  scope  of  this  paper  is  restricted  to  remote  sensing  of  waves  and  turbulence  in 
statically  stable  atmospheric  layers,  utilizing  sodar  and  microwave  radar  for  obser- 
vation of  scattered  returns  from  variability  in  gaseous  refractive  index.  We  will  focus 
on  backscattering  in  essentially  monostatic  systems  but  bistatic  sodar  will  also  receive 
some  consideration.  Sounding  methodology  and  scattering  theory  will  be  reviewed 
briefly  to  allow  an  extensive  exposure  of  experimental  progress  since  1969  by  exempli- 
fying and  summarizing  recent  experimental  results.  The  deliberate  trend  toward  joint 
exploration  with  indirect  systems  in  combination  with  in-situ  sensors  is  satisfying. 
Such  investigations  have  established  that  radar  and  sodar  sounding  provides  essential 
meteorological  information  which  together  with  the  acquisition  of  intermittent  wind 
and  temperature  profiles  by  conventional  meteorological  sensors  allow  an  improved 
delineation  of  tropospheric  structure  and  a  better  visualization  of  irregularities  in  the 
motion  field. 

2.  Methodology 

2.1.  General 

Radar  and  sodar  methods  are  attractive  for  atmospheric  remote  sensing  because  they 
permit  interrogation  of  the  surrounding  medium  with  good  spatial  and  temporal 
resolution.  The  spatial  resolution  is  achieved  through  the  combination  of  directive 
antennas  and  echo-delay  ranging,  which  together  define  the  minimum  resolution  cell 
of  the  system.  With  fixed  antennas,  the  medium  is  probed  in  only  one  dimension,  but 
with  steerable  antennas,  two-dimensional  and  three-dimensional  scans  of  the  surround- 
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ing  atmosphere  can  be  achieved,  with  a  time  resolution  determined  by  the  dwell- 
time  required  to  provide  adequate  integration  of  the  echo  from  each  resolution  cell. 

Backscattering  from  the  clear  atmosphere  is  sensitive  only  to  refractive-index 
fluctuations  of  size  one-half  the  interrogating  wavelength.  Below  about  1  cm  in  scale, 
the  intensity  of  refractive-index  fluctuations  decreases  rapidly  with  size,  causing  the 
backscattered  intensity  to  decrease  rapidly  for  wavelengths  shorter  than  a  few  centi- 
meters. Therefore,  a  wavelength  no  shorter  than  5-10  cm  should  be  selected  for 
monostatic  sounding  of  clear-air  structure.  On  the  other  hand,  a  reasonably  short 
wavelength  is  favorable  for  good  angular  resolution.  Microwaves  have  therefore  been 
found  particularly  suitable  for  clear-air  radar  sounding  with  an  optimum  wavelength 
of  around  10  cm,  although  wavelengths  of  up  to  about  6  m  have  been  used  (Woodman 
and  Guillen,  1972).  Similar  wavelengths,  which  correspond  to  audible  frequencies, 
should  be  used  for  acoustic  echo  sounding.  In  this  case,  however,  there  are  additional 
restrictions  because  of  the  excessive  environmental  audio  noise  at  low  acoustic 
frequencies  and  the  rapidly  increasing  atmospheric  attenuation  at  high  frequencies. 
This  limits  the  useful  frequency  interval  for  atmospheric  sodar  probing  to  about 
200-5000  Hz,  corresponding  to  wavelengths  in  air  of  about  170  to  7  cm.  The  short 
wavelengths  give  very  limited  range,  typically  only  100-200  m,  because  of  high 
attenuation. 

Radar  research  on  clear-air  structure  with  the  objective  of  furthering  our  under- 
standing of  statically  stable  shear  flows  is  currently  proceeding  along  two  different 
lines.  High  powered  pulse  radars  with  large,  steerable  antennas  are  being  used  to 
sense  and  resolve  turbulent  structures  in  clear  air  up  to  high  altitudes  (<35  km)  and 
out  to  long  ranges  ( ~  100  km),  and  can  provide  spatial  and  temporal  coverage  of 
atmospheric  structures  for  determination  of  their  three-dimensional  configuration 
and  evolution  with  time.  Ultra-high  resolution  radars  with  fixed,  vertically-pointing 
antennas  are  being  used  successfully  in  the  lower,  clear  atmosphere  (<2  km)  to 
outline  fine-scale  structure  of  the  air  mass  drifting  through  the  radar  beam,  displaying 
detailed  features  of  atmospheric  stratification,  gravity  waves  and  dynamic  instability 
in  a  time-height  plane.  Both  of  these  approaches  have  combined  radar  observation 
with  simultaneous  in-situ  sounding  in  efforts  to  relate  parameters  obtainable  from 
radar  visualization  of  the  flow  to  measurements  of  mean  profiles  and  fluctuating 
quantities. 

Table  I  lists  approximate  values  for  important  parameters  of  five  high-powered 
pulse  radars  with  steerable  antennas  which  have  been  devoted  to  studies  of  the  clear 
atmosphere.  The  three  sensitive  radars  at  Wallops  Islands,  Virginia,  were  the  first  to 
be  used  intensively  for  investigations  of  clear  air  (Hardy  et  ai,  1966;  Katz,  1966). 
Note  that  the  10.7-cm  wavelength  radar,  which  is  a  pulse  Doppler  radar,  is  almost 
100  times  more  sensitive  than  the  WSR-57,  a  10.4-cm  radar  used  for  detection  of 
precipitation  and  included  in  the  table  only  for  comparison.  In  1968,  Crane  (1970) 
investigated  clear-air  turbulence  (CAT)  with  the  Westford  23.2-cm  radar,  the  most 
sensitive  radar  in  Table  I.  Ground  clutter  is  severe  for  this  radar,  however,  and 
atmospheric  measurements  within  a  50-km  range  are  difficult  to  obtain.  The  10.7-cm 
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TABLE  I 

Characteristics  of  five  high-powered  pulse  radars  with  steerable  antennas  which  have  been  used  for 
studies  of  clear  atmosphere.  For  comparison,  the  characteristics  of  the  WSR-57  radar,  used  by  the 
U.S.  National  Weather  Service  for  precipitation  detection,  are  included.  The  minimum  detectable 
reflectivity  is  the  value  of  the  minimum  detectable  radar  cross-section  per  unit  volume  obtained  when 
averaging  over  the  resolution  cell.  Note  that  the  value  for  the  Westford  radar  has  been  evaluated  at 

a  range  of  100  km. 


Wallops  Island,  Virginia 

Defford, 

Westford, 

(WSR-57) 

England 

Mass. 

Wavelength 

(cm) 

3.2 

10.7            71.5 

10.7 

23.2 

10.4 

Antenna  diameter 

(m) 

10.4 

18.4            18.4 

25 

25.6 

3.6 

Beamwidth 

(deg) 

0.2 

0.5              2.9 

0.33 

0.6 

2.0 

Pulse  length 

(MS) 

2 

1.3              1 

1.25 

10 

4 

Peak  power 

(MW) 

0.9 

3.0             6.0 

1 

4 

0.4 

Minimum  detectable 

reflectivity* 

(m-1) 

6  x  10-15 

4  x  10-16   5  x  10~17 

10"15 

6  x  10"17 

3  x  10-14 

At  a  range  of 

(km) 

10 

10               10 

10 

100 

10 

a  For  thin  layers,  only  partially  filling  the  radar  resolution  cell,  higher  average  reflectivities  are  requir- 
ed before  detection  is  possible.  For  the  Westford  radar  in  particular,  the  resolution  cell  will  never  be 
completely  filled  and  detectable  layers  will  always  have  average  reflectivities  exceeding  6  x  10-17  m_1. 
For  layer  thickness  of  about  100  m,  average  reflectivities  of  about  10~15  m-1  are  required,  before 
detection  is  possible  with  the  Westford  radar  at  a  range  of  100  km. 


radar  located  in  Defford,  England  (Browning  and  Watkins,  1970;  Watkins,  1971; 
Browning,  1972)  is  a  pulse  Doppler  radar  with  clutter  suppression  and  has  more 
recently  been  brought  into  operation  for  meteorological  studies  of  the  clear  atmo- 
sphere. It  has  produced  excellent  data  on  horizontal  stratification  and  dynamic 
instability  and  some  unique  results  on  lee  waves  in  clear  air. 

The  ultra-high  resolution  radar  developed  by  Richter  (1969)  is  a  vertically-pointing 
FM-CW  (Frequency-Modulated  Continuous  Wave)  radar  which  has  high  sensitivity 
and  a  range  resolution  of  about  1  m  and  which  is  essentially  free  of  ground  clutter. 
This  radar  has  been  used  for  the  visualization  of  a  wide  variety  of  atmospheric 
structures  in  the  marine  layer  of  San  Diego  which  were  never  before  resolved  in  such 
detail  (Richter  and  Gossard,  1970).  The  same  type  of  radar,  with  essentially  the  same 
parameters  but  in  a  mobile  version,  has  been  used  by  Bean  et  al.  (1971a,  b)  adjacent 
to  a  150  m  high,  micrometeorological  tower  at  Haswell  in  the  high  plains  of  eastern 
Colorado.  Both  of  these  radars  are  restricted  to  vertical  sounding  and  provide  time- 
height  displays  of  atmospheric  structures  propagating  or  being  advected  in  the 
planetary  boundary  layer.  In  this  issue,  however,  Richter  et  al.  describe  a  second 
generation  FM-CW  radar  sounder  which  is  fully  mobile  and  which  incorporates 
scanning  capability.  This  radar  has  revealed  for  the  first  time  true  spatial  pictures 
of  complex  clear-air  structures  with  a  range  resolution  of  1  m. 

Chadwick  and  Little  (1972)  have  compared  the  respective  sensitivities  of  the  Wallops 
Island  10.7-cm  pulse  radar  and  the  10-cm  FM-CW  radar,  using  the  parameters  in 
Table  II  for  evaluation  of  radar  performance.  They  conclude  that  the  pulse  radar  will 
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TABLE  II 

Parameters  used  in  a  comparison  of  the  sensitivities  of  the  Wallops  Island  10.7-cm  pulse  radar,  the 

ultra-high  resolution  10-cm  FM-CW  radar  developed  by  Richter  (1969),  and  the  Wave  Propagation 

Laboratory  sodar  (Wescott  et  al.,  1970).  (From  Chadwick  and  Little,  1972) 


Wallops  Island  10.7-cm  pulse  radar 

Frequency 

Peak  power 

Pulse  width 

Pulse  repetition  frequency 

Noise  figure 

Antenna  diameter 

10-cm  FM-CW  radar 

Frequency  range  (max) 

Power  (average  or  peak) 

Sweep  duration 

Effective  noise  temperature 

Antenna  diameter 

Sweep  repetition  frequency 

WPL  Mark  I  Sodar 
Peak  power 
Pulse  width 

Pulse  repetition  frequency 
Carrier  frequency 
Antenna  diameter 
Efficiency  factor 
Receiver  bandwidth 
System  noise  (above  kTB) 


2.7 

-2.9  GHz 
3  MW 

0.1 

-1.3  //s 
320  Hz 
4dB 
18  m 

2.9 

-3.1  GHz 

200  W 
50  ms 

1000  K 

3m 

10  Hz 

Short  range 

mode 

Long  range  mode 

10W 

30  W 

10  ms 

100  ms 

1  Hz 

0.1  Hz 

4  kHz 

2  kHz 

1.22  m 

1.22  m 

0.1 

0.1 

100  Hz 

30  Hz 

10  dB 

10  dB 

be  about  24  dB  more  sensitive  than  the  FM-CW  radar  over  a  common  range  res- 
olution cell  of  170  m,  although  the  difference  will  be  only  about  14  dB  if  a  range 
resolution  of  17  m  is  used.  (It  is  assumed  that  the  pulse  repetition  rate  is  kept  con- 
stant, which  means  that  the  average  power  of  the  pulse  radar  is  reduced  by  a  factor 
of  10,  thereby  accounting  for  the  decrease  in  relative  sensitivity.) 

At  short  ranges,  however,  the  sensitivity  of  the  pulse  radar  is  greatly  reduced 
because  of  ground  clutter.  These  problems  are  much  less  severe  on  the  FM-CW 
radars,  which  attain  unique  sensitivities  because  of  their  ability  to  operate  at  full 
sensitivity  at  relatively  close  ranges.  As  a  result,  very  high  space  resolution  can  be 
obtained,  and  FM-CW  radars  are  able  to  observe  and  resolve  small-scale  features  in 
the  reflectivity  structure  in  unparalleled  detail. 

Vertically-pointing  pulse  radars  have  also  been  used  for  clear-air  studies  (Lane, 
1969;  Ottersten,  1970b;  Scoggins,  1970;  LaGrone  and  Deam,  1971)  but  with  their 
coarse  range  resolution  they  cannot  compete  with  FM-CW  radars  in  the  observation 
of  details  of  internal  gravity  waves  and  shear  instability.  They  can  be  simple  and 
reasonably  inexpensive  devices,  however,  for  continuous  monitoring  of  inversion 
levels  and  zones  of  enhanced  turbulence  in  the  lower  clear  atmosphere. 

Chadwick  and  Little  (1972)  also  made  a  comparison  of  the  sensitivities  of  an 
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FM-CW  radar  and  a  sodar,  using  the  parameters  in  Table  II.  Operating  at  the  170-m 
range  in  the  4-kHz,  1.7-m  resolution  mode,  they  show  that  the  sodar  would  be 
8  dB  more  sensitive  than  the  FM-CW  radar  for  pure  temperature  fluctations,  and 
about  25  dB  less  sensitive  for  pure  humidity  fluctuations.  For  a  1.7-km  range  and 
17-m  resolution,  the  FM-CW  sounder  would  be  2  dB  less  sensitive  than  the  sodar 
for  temperature  fluctuations  and  31  dB  more  sensitive  for  humidity  fluctuations. 
In  Table  III,  we  summarize  the  relative  sensitivities  of  the  three  systems  in  terms  of 


System 


TABLE  HI 

Minimum  detectable  reflectivities  and  Cn2  values  for  the  systems 
described  in  Table  II. 

Range 


0.1  km 


1.0  km 


10  km 


nim-1) 


CVdn-2'3)         >/(m-i)         C„2(m-2/3)         //(m-1) 


High  power 
pulse  radar    -  -  -  - 

FM-CW  radar  2  x  10~17      2.5  x  10~17         2  x  lO"16      2.5  x  lO"18 


tV(m-2/3) 


lxlO-17      1.2  xlO-17 
2  x  10~15      2.5  x  10-15 


WPL  Mark  I 
sodar  6  x  10~12       7  x  10~12 


2  x  10-11      3  x  10-" 


their  minimum  detectable  reflectivities  at  ranges  of  0.1,  1.0  and  10  km.  The  corre- 
sponding minimum  detectable  C*  values  have  been  computed  using  Equation  (13); 
Table  IV  may  be  used  to  convert  these  C^  values  to  corresponding  values  of  C\,  C\ 
or  C*.  Note  that,  because  of  ground  clutter  problems,  no  figures  are  given  at  the  two 
lower  ranges  for  the  high-power  pulse  radar,  and  that,  because  of  absorption,  the 
sodar  does  not  operate  at  the  longest  range.  The  range  resolutions  are  assumed  to 
be  equal  for  each  system,  and  respectively  1.7  m  at  a  0.1 -km  range,  17  m  at  a  1.0-km 
range  and  170  m  at  a  10-km  range.  In  each  case,  a  1-s  integration  period  is  assumed. 
It  is  also  assumed  that  the  pulse  volume  is  completely  filled  with  a  homogeneous 
isotropic  field  of  refractive-index  irregularities ;  if  the  volume  is  incompletely  filled, 
then  the  minimum  detectable  values  of  r\  and  Cl  will,  of  course,  be  larger.  The  cal- 
culations of  sodar  sensitivity  have  assumed  that  the  total  round-trip  absorption  in 
each  case  is  10  dB,  though  this  value  could  vary  by  at  least  a  factor  of  two  in  each 
direction,  depending  upon  meteorological  conditions. 

It  should  be  noted  that  the  above  calculations  assume  ideal  performance  of  the 
radars,  and  include  the  effect  of  incoherent  integration  of  the  pulse  within  the  1-s 
integration  period.  In  general,  the  sensitivity  figures  given  in  Table  I  (which  were 
taken  from  the  cited  references),  correspond  more  closely  to  the  minimum  de- 
tectable reflectivities  to  be  expected  from  a  single  pulse. 

The  numbers  given  in  the  above  comparisons  will  change  quickly  in  favor  of  FM- 
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CW  radars  and  sodars,  since  improvements  in  performance  are  anticipated.  One 
characteristic  of  sodar  is  also  its  high  degree  of  flexibility,  and  several  of  the  parameters 
listed  in  Table  II  may  be  varied  for  the  one  and  same  sodar  to  vary  the  wavelength 
and  the  amount  of  integration,  and  to  extend  the  range.  A  variety  of  sodar  designs 
have  also  been  tested  (Mahoney,  1969;  McAllister  and  Pollard,  1969;  Beran,  1970; 
Beran  et  ai,  1970,  1971b;  Hall  et  al,  1971 ;  Parry  and  Sanders,  1972),  many  of  them 
with  better  sensitivity  than  the  sodar  in  Table  II.  Various  types  of  acoustic  antennas 
have  been  tried,  including  concrete  parabolas,  parabolic  horn  antennas,  and  acoustic 
arrays,  employing  various  types  of  shielding  to  improve  acoustic  noise  rejection  and 
clutter  suppression.  With  anechoic  absorbers  surrounding  the  antenna,  typical 
minimum  ranges  of  30  m  can  be  achieved  and  the  sounder  can  be  operated  in  noisy 
urban  environments,  as  indicated  in  the  feasibility  study  by  Simmons  et  al.,  (1971) 
which  deals  extensively  with  sodar  system  analysis  and  sounder  design.  The  feasibility 
of  sodar  for  atmospheric  probing,  including  aspects  of  atmospheric  attenuation  of 
sound  waves,  is  also  discussed  by  Little  (1969)  and  Hall  (1972),  and  prospects  for 
acoustic  echo  sounding  are  given  by  Little  (1972)  who  concludes  that  very  large 
improvements  in  sodar  system  performance  are  conceivable. 

Bistatic  configurations  of  acoustic  echo  sounding  may  be  superior  in  applications 
where  continuous  monitoring  of  atmospheric  returns  is  desirable,  since  forward 
scatter  signals  are  typically  much  stronger  than  echoes  received  in  the  monostatic 
mode.  The  turbulent  fluctuations  in  wind  contribute  substantially  to  the  forward 
scatter  of  acoustic  waves  which  opens  the  possibility  of  monitoring  turbulence 
intensity  with  bistatic  sodar,  as  indicated  in  Section  3.  Wind  variability  and  tempera- 
ture fluctuations  may  be  separated  by  combined  monostatic  and  bistatic  sodar  mea- 
surement. For  Doppler  techniques,  the  stronger  and  more  continuous  signals  of 
forward  scatter  are  advantageous,  and  bistatic  sodar  has  been  employed  successfully 
for  Doppler  measurement  of  wind,  as  discussed  in  Section  2.2.  For  the  measurement 
of  horizontal  wind,  it  is  desirable  that  the  axis  of  Doppler  resolution  be  well  inclined 
to  the  vertical.  This  is  difficult  to  accomplish  in  a  bistatic  configuration,  however, 
and  therefore  monostatic  Doppler  sodar  is  also  attracting  considerable  attention. 
If  bistatic  sodar  is  employed,  it  is  important  to  avoid  scattering  angles  close  to  90°, 
since  no  power  is  scattered  in  directions  orthogonal  to  the  direction  of  incidence  of 
the  acoustic  wave. 

2.2.  Doppler  techniques 

Various  methods  for  wind  measurement  with  sodar  have  been  suggested  (Derr  and 
Little,  1970),  including  angle-of-arrival  determination  of  acoustic  beam  bending  by 
wind  gradients,  and  time-lagged  cross-correlation  analysis  of  spaced  sounding 
measurements.  Here  we  only  consider  the  wind-induced  Doppler  frequency  shifts 
contained  in  signals  received  both  in  monostatic  and  bistatic  scatter  systems.  Since 
Doppler  shifts  provide  velocity  information  specific  to  the  associated  echo  region, 
Doppler  techniques  for  wind  velocity  measurements  appear  superior  for  detailed 
analysis  of  structural  features  of  waves  and  turbulence.  Doppler  radar  for  atmospheric 
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probing  has  long  been  an  established  technique  (Lhermitte,  1968),  but  only  recently 
have  Doppler  radar  measurements  provided  useful  information  on  clear-air  motion 
(Browning  et  al.,  this  issue,  p.  91).  Doppler  sodar  measurement  has  quickly  become 
a  useful  method  for  studies  of  motions  in  the  planetary  boundary  layer  (Beran  et  al., 
1971a;  Beran  and  Willmarth,  1971;  Beran  and  Clifford,  1972).  Mahoney  et  al.  (this 
issue,  p.  155)  have  obtained  some  unique  sodar  wind  measurements  using  both  angle 
of  arrival  and  Doppler  techniques,  and  Beran  et  al.  (this  issue,  p.  133)  have  determined 
the  vector  wind  profile  by  Doppler  sodar  probing. 

In  a  scatter  geometry  with  wave  vectors  k0  and  ks  for  the  incident  and  scattered 
waves,  respectively,  we  receive  a  Doppler  shifted  signal/s  differing  from  the  impinging 
frequency  fQ  by  an  amount  Af  =  fs  —  f0  proportional  to  the  velocity  V  of  the  motion 
of  the  scattering  medium.  The  Doppler  shift  is  given  by 

^/=(27T)-1(ks-k0)-V  (1) 

and  we  note  that  from  the  Doppler  shift  can  be  determined  the  wind  component 
along  dir(ks  — k0),  which  is  the  bisector  of  the  angle  formed  by  the  incident  beam 
and  the  beam  scattered  toward  the  receiver.  Neglecting  the  difference  in  wavelength 
X  between  the  incident  and  scattered  waves,  we  have 

4/"«2A-1sin(0/2)Fcos0,  (2) 

where  /?  is  the  angle  between  the  wind  vector  V  and  dir(ks— k0).  We  have  ksszk0  = 
2nX~l,  and  the  scattering  angle  6  is  the  angle  between  ks  and  k0. 

We  note  that  in  a  bistatic  configuration  with  k0  vertical  and  ks  well  inclined  to  the 
vertical,  a  component  of  the  horizontal  wind  contributes  to  the  Doppler  shift.  With 
k0  and  ks  at  the  same  inclination  to  the  vertical  and  still  in  the  same  vertical  plane, 
only  vertical  motions  can  be  measured,  however.  Swinging  both  beams  out  of  the 
vertical  plane,  again  a  horizontal  wind  component  starts  to  contribute,  in  addition  to 
the  Doppler  shift  from  vertical  motion. 

Ordinarily  we  use  the  wave  vectors  at  the  transmitter  and  receiver,  respectively, 
for  k0  and  ks  in  Equation  (1),  which  means  that  we  neglect  the  effects  of  refraction,  or 
beam  bending,  due  to  a  varying  mean  value  of  the  atmospheric  refractive  index.  For 
electromagnetic  waves,  this  is  an  excellent  approximation  at  short  ranges,  which  is 
equally  applicable  at  long  ranges  provided  that  we  avoid  the  lowest  elevation  angles 
for  which  refraction  may  be  substantial.  For  acoustic  waves,  however,  refraction  is 
potentially  serious  already  at  short  ranges  and,  in  order  to  avoid  misinterpretation,  an 
analysis  of  the  influence  of  beam  bending  is  proper  for  every  experimental  configu- 
ration in  atmospheric  sodar  probing.  Beran  and  Clifford  (1972)  have  considered  the 
three  basic  effects  of  refraction  on  Doppler  sodar  wind  determination,  namely  the 
relocation  of  the  scattering  volume,  the  shift  in  the  axis  of  resolution  of  the  Doppler 
wind  component,  and  the  change  in  magnitude  of  the  measured  wind.  For  a  bistatic 
configuration  with  one  beam  vertical  and  one  beam  at  45°  elevation,  they  conclude 
that  within  ranges  of  about  300  m,  the  wind  speeds  derived  by  the  use  of  Equation  (2) 
without  accounting  for  refraction,  in  most  circumstances  will  be  in  error  by  no  more 
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than  5%.  Similar  conclusions  were  reached  by  Georges  and  Clifford  (1972)  for 
Doppler  sodar  sounding  to  heights  of  about  1  km. 
For  pure  backscattering,  Equation  (2)  reduces  to 

Af  »  2X~XV  cos p,  (3) 

where  ft  now  is  the  angle  between  the  wind  vector  V  and  the  radial  direction  of  the 
beam.  Thus,  monostatic  Doppler  radar  and  Doppler  sodar  can  only  measure  the 
radial  component  of  the  wind.  Vertically-pointing  systems  can  only  provide  vertical 
motions,  but  by  tilting  of  the  beam,  a  horizontal  component  of  the  wind  will  also  be 
sensed  in  the  Doppler  frequency  shift.  Further,  by  slewing  the  beam  in  azimuth  at  a 
fixed  elevation  angle,  velocity-azimuth-display  (VAD)  technique,  various  horizontal 
wind  components  will  be  sensed  and,  under  certain  assumptions,  the  horizontal 
vector  wind  and  the  vertical  motions  may  be  determined  separately  (Little  et  al., 
1970).  Until  now,  VAD  technique  has  been  applied  successfully  only  to  Doppler  radar 
measurement  when  snow,  rain  and  occasionally  insects  provide  ample  scatterers  in 
the  entire  region  surrounding  the  radar. 

With  a  distribution  of  velocities  within  the  scattering  volume,  a  spectrum  of  Doppler 
frequencies  occurs  in  the  scattered  return,  rather  than  a  single  component  as  indicated 
by  Equation  (2).  (The  additional  spread  of  the  spectrum  due  to  the  slight  variation  of 
dir  (ks  — k0)  within  the  scattering  volume  is  usually  small  and  may  be  neglected  for 
narrow  beams.)  Each  Doppler  frequency  in  the  Doppler  spectrum  corresponds  to  a 
particular  magnitude  according  to  Equation  (2)  of  the  wind  component  along  dir 
(kj  — k0),  and  the  spectral  densities  in  the  Doppler  spectrum  reflect  the  distribution 
of  velocity  values  present  in  this  component  within  the  scattering  volume,  although 
this  distribution  will  be  weighted  by  the  antenna  diagrams  and  by  the  reflectivity 
distribution  when  converted  into  a  Doppler  spectral  density.  Thus,  in  the  monostatic 
mode,  the  Doppler  spectrum  represents  the  distribution  of  radial  velocities  within  the 
resolution  cell,  and  to  every  radial  velocity  V  cos/?  corresponds  a  Doppler  frequency 
according  to  Equation  (3). 

From  the  mean  frequency  of  the  Doppler  spectrum,  the  mean  motion  of  the  scat- 
tering medium  along  dir  (ks  — k0)  may  be  obtained,  and  the  spread  of  the  spectrum 
reflects  the  spread  of  velocities  within  the  scattering  volume  due  to  the  combined 
effects  of  wind  shear  and  turbulence  within  the  resolution  cell.  As  yet,  the  variance  of 
the  Doppler  sodar  spectrum  has  not  been  analyzed  in  terms  of  atmospheric  motions, 
but,  since  the  resolution  cell  can  be  quite  small  in  sodar  probing,  the  evaluation  of  the 
mean  Doppler  velocity  and  its  variation  in  space  and  time  still  provides  a  wealth  of 
detail  about  the  atmospheric  motion  field  (Beran  et  al.,  1971a;  McAllister,  1971). 
In  Doppler  radar  analysis  of  atmospheric  motions,  both  the  mean  and  variance  have 
proved  to  be  useful  quantities,  and  in  this  issue  Browning  et  al.,  p.  91,  demonstrate 
how  Doppler  radar  spectra  obtained  from  clear-air  returns  at  various  altitudes  may 
be  used  to  evaluate  the  main  component  of  the  mean  wind,  the  vertical  shear  of  the 
same  component,  and  from  the  variance  of  the  Doppler  spectrum,  an  estimate  of  the 
turbulence  intensity. 
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From  nearly  simultaneous  determinations  of  Doppler  shifts  in  three  different 
directions  but  from  almost  the  same  scattering  volumes,  the  mean  value  of  the  total  wind 
vector  may  be  synthesized.  If  vertical  motions  can  be  neglected  or  accounted  for, 
determinations  in  two  directions  suffice.  Such  methods  have  been  implemented  for 
Doppler  radar  studies  of  storm  systems,  but  the  cost  for  two  or  three  high-powered 
Doppler  radars  for  clear-air  studies  almost  seems  prohibitive.  Also,  with  the  total 
absence  of  echo  in  large  regions  and  with  comparatively  limited  range  elsewhere, 
extensive  Doppler  radar  mapping  of  the  total  wind  field  in  the  clear  atmosphere  does 
not  appear  feasible.  Doppler  sodar  measurement  of  the  total  wind  vector  in  the  plan- 
etary boundary  layer  has  already  been  implemented  (Beran  and  Clifford,  1972), 
however,  and  in  this  issue  Beran  et  al.,  p.  133,  present  results  from  an  early  test  of 
a  technique  for  determining  the  vector  wind  profile.  One  method  relies  on  three 
separate  monostatic  sodar  systems.  In  another  concept,  two  orthogonal  components 
of  the  horizontal  wind  are  evaluated  from  the  Doppler  shifts  observed  on  two  ortho- 
gonal, bistatic  sodar  links,  using  separate  receiver  beams  tilted  to  intersect  a  common 
vertically-pointing  transmitter  beam.  The  influence  of  vertical  motion  on  these 
Doppler  shifts  may  be  accounted  for,  if  also  the  Doppler  shift  in  the  backscattered 
signal  is  measured  in  a  third  receiver,  sharing  the  transmitter  antenna  to  determine 
vertical  motions  separately. 

3.  Scattering  Theory 

3.1.  Refractive  index 

The  radio  refractive  index  of  air  n  in  terms  of  absolute  temperature  T,  total  pressure 

p  mb,  and  partial  pressure  of  water  vapor  e  mb  is  expressed  in  jV-units: 

N  =  (n-  1)106  =  77.67" '  [p  +  481CVT"1].  (4) 

An  acoustic  refractive  index  may  be  defined  in  a  similar  way  starting  from  the  phase 
velocity  of  sound  waves  given  by 

C  =  20.057/ 1/2  [1  +  0.  Hep  ~ *]  +  V  cos  (p .  (5) 

Note  that  the  wind  component  V  cos</>  normal  to  the  wave  fronts  is  of  importance,  <p 
being  the  angle  between  wave  and  wind  vectors.*  We  obtain  the  real  part  of  an  acoustic 
refractive  index na  as  C0C~\  where  C0  =  20.05 TXq2  is  a  reference  phase  velocity  at  a 
reference  temperature  T0  in  dry,  stagnant  air.  In  A^-units  we  have 

»      *  a  (T0  -  T  e      Vcos(j>) 

^a  =  ("a  -   1)  106  *   106      -±—   ~  0.14 —Z\.  (6) 

(.    2T0  p  C0     J 

This  expression  is  useful  with  good  accuracy  for  \C—  C0|<^C0.  For  instance,  with 

*  Since  the  atmosphere  is  the  transmitting  medium  for  sound  waves,  also  the  wind  component  parallel 
to  the  wave  fronts  is  influential  by  introducing  translatory  motion  of  wave  packets  but  without  affecting 
phase  velocity.  Gradients  of  this  component  cause  no  refraction  but  only  slide  the  wave  fronts 
relative  to  each  other,  leaving  their  orientation  unaffected. 
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r0  =  288  K  we  have  Co«340  m  s_1,  and  it  follows  from  Equation  (6)  whhp=  1000  mb 
that  fluctuations  of  1°C  in  temperature,  1  mb  of  water  vapor  pressure,  or  1  m  s-1  in 
wind  speed,  correspond  to  jVa-unit  changes  in  acoustic  refractive  index  of  about  1700, 
140  and  0-3000,  respectively.  Note  that  the  refractive-index  change  due  to  wind 
depends  on  the  direction  of  acoustic  wave  propagation  relative  to  the  wind  direction. 
The  corresponding  A/-unit  changes  for  microwaves,  about  1 ,  4,  and  0,  respectively,  can 
be  obtained  from  Equation  (4).  For  sound  waves  we  note  that  wind  and  temperature 
fluctuations  dominate,  humidity  contrasts  usually  being  unimportant.  For  micro- 
waves, wind  effects  are  negligible  and  the  influence  of  humidity  usually  exceeds  that 
of  temperature.  The  imaginary  part  of  refractive  index,  describing  absorption  of 
waves  propagating  through  the  atmosphere,  is  also  typically  much  larger  for  acoustic 
waves  than  for  microwaves.  Little  (1969)  notes  that  the  3-cm  wavelength  radio  wave 
is  attenuated  0.01  dB  km-1  in  the  lower,  clear  atmosphere,  while  the  3-cm  acoustic 
wave  will  experience  an  attenuation  of  order  100  dB  km-1.  Attenuation  increases 
rapidly   with  decreasing  wavelength,   both  for  microwaves  and  acoustic  waves. 

3.2.  Scattering  cross-section 

Irregular  small-scale  fluctuations  in  refractive  index  produce  scattering  of  electro- 
magnetic and  acoustic  waves  propagating  through  the  turbulent  clear  atmosphere. 
The  scattering  cross-section  a  per  unit  volume  per  unit  solid  angle  is  a  measure  of  the 
fraction  of  the  incident  power  scattered  in  a  given  direction.  General  expressions 
obtained  by  Tatarski  (1961)  and  Monin  (1961)  for  electromagnetic  and  acoustic  waves, 
respectively,  are: 

ffem  =  27tA:4sin2x0n(K), 

<7a  =  27rA:4cos20cMK),  00 

K  =  ks-k0;        K  =  2ksin(8/2). 

The  polarization  angle  x->  tne  angle  between  the  scattered  wave  direction  and  the 
electric  field  vector  of  the  incident  wave,  enters  the  expression  for  the  transversely 
polarized  electromagnetic  waves.  For  the  longitudinally  polarized  acoustic  waves, 
cos20  reflects  the  dependence  on  the  scattering  angle  9,  the  angle  between  the  wave 
vectors  k0  and  ks  for  the  incident  and  scattered  waves,  respectively.  We  have  ks  —  k0  = 
=  k  =  2nk'x. 

The  scattering  angle  6  together  with  the  wavelength  k  of  the  incident  wave  also 
determines  the  Fourier  component  K  in  the  three-dimensional  spatial  power-spectral 
densities  <£„  and  (j)na  of  refractive-index  fluctuations  that  is  sensed  in  a  given  scattering 
geometry.  Scattering  in  an  inhomogeneous  medium  is  of  a  resonant  nature  in  the 
sense  that  for  scattering  in  the  direction  ks,  only  the  variability  in  the  direction  dir 
(ks  — k0)  and  of  scale  size  InK'1  =0.5X  sin" '(0/2)  contributes  substantially  to  the 
scattered  power.  Clearly,  for  pure  backscattering  (0=180°),  only  the  variability  of 
scale  size  0.5  A  and  variability  along  the  radial  vector  determine  the  return.  Also,  by 
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varying  X  and/or  the  scattering  geometry,  the  spatial  power  spectrum  of  the  refractive- 
index  variability  as  a  function  of  K  may  be  explored  (Gjessing,  1969). 

For  acoustic  waves,  the  power  spectrum  0na  of  refractive-index  variability  at  any 
given  wave  number  K  displays  a  dependence  on  scattering  angle  because  the  influence 
of  wind  variability  on  the  refractive-index  field  depends  on  the  scattering  geometry. 
To  illustrate  this,  we  separate  the  spatial  power-spectral  densities  of  wind  and  tem- 
perature fluctuations,  E(K)  and  <f>T(K),  respectively,  neglecting  humidity  variations 
and  assuming  that  the  wind  and  temperature  fluctuations  are  uncorrelated  (for 
limitations  of  this  expression,  see  Little,  1969). 


0Ba(K)  =  C~2E(K)  cos2  (6/2)  +  (2Ty2<j>T(K). 


(8) 


The  mean  values  of  sound  velocity  and  temperature  in  the  scattering  volume  are  used 
for  C  and  T. 

It  follows  from  Equation  (7)  that  there  will  be  no  scatter  of  electromagnetic  waves 
for  a  polarization  angle  ofO°,  and  that  for  acoustic  waves,  no  scatter  will  occur  in 
directions  orthogonal  to  the  direction  of  incidence.  From  Equation  (8)  we  note  that 
the  scattered  acoustic  power  is  the  sum  of  the  powers  scattered  from  the  variability 
in  velocity  and  temperature,  the  influence  of  velocity  fluctuations  being  weighted  by 
the  factor  cos2  (6/2);  as  a  result,  the  backscattered  acoustic  power  is  entirely  due  to 
the  temperature  field. 

For  a  Kolmogorov  spectrum  of  turbulence  (Tatarski,  1961),  we  may  substitute 

£(K)  =  0.061  C2vK~ilf3 

0„(K)^  0.033  C2„K~1113  (9) 

(/>T(K)  =  0.033  C^X"U/3 

and,  assuming  that  2k  sin  (6/2)  falls  within  the  inertial  subrange,  we  obtain 

aem  =  0.016  Ar1/3sin2xC„2sin"11/3(0/2)  (10) 

<7a  =  0.016  fcm  cos2 6\\MC~2Cl  cos2  (6/2)  +  ^TV^C2-] sin" n/3 (6/2). 

These  expressions  are  valid  only  when  the  'effective  wave  number'  2k  sin  (6/2)  of 
our  interrogating  scatter  geometry  lies  within  the  inertial  subrange  of  locally  homo- 
genous and  isotropic  fields  of  radio  refractive  index,  wind,  and  temperature  fluc- 
tuations. We  note  that  the  scattered  power  varies  weakly  with  wavelength  and  that 
most  of  the  scatter  is  in  the  forward  hemisphere,  ct~/T1/3  sin_,1/3(0/2). 

The  structure  constants  C2,  C2,  and  C2  may  serve  as  measures  of  the  variability 
within  the  inertial  subrange  of  velocity,  temperature,  and  radio  refractive  index, 
respectively.  In  analogy  with  the  electromagnetic  case,  we  may  define  a  structure 
constant  for  acoustic  refractive  index  C„2  equal  to  the  expression  within  brackets  in 
Equation  (10).  It  is  important  to  note,  however,  that  C2a  applies  to  scattering 
only,  depends  on  the  scattering  angle  9,  and  differs  from  the  structure  constant  of 
acoustic  refractive  index  which  may  be  defined  for  the  description  of  amplitude  and 
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phase  fluctuations  in  a  propagating  sound  wave  and  which  is  given  as  (C~2C2  + 
(2TY2Cl)  by  Tatarski  (1961). 

The  influence  of  turbulent  fluctuations  of  temperature,  humidity,  and  wind  on  the 
refractive-index  variability  of  acoustic  waves  and  microwaves  is  illustrated  in  Table 
IV.  The  quoted  values  are  typical  in  regions  of  enhanced  variability  in  the  lower 

TABLE  IV 

The  influence  of  fluctuations  in  temperature,  Ct2,  humidity,  Ce2,  and  wind,  CV,  on  the  refractive- 
index  variability  of  acoustic  waves,  da2,  and  microwaves,  Cn2,  at  1000  mb  and  288  K.  The  structure 
constant  Cx2  for  variability  in  a  parameter  x  is  defined  from  the  structure  function  Dx(r)  =  Cx2  »2/3. 
The  influence  of  temperature  and  humidity  variability  on  the  microwave  refractive-index  fluctuations 
has  been  separated  according  to  C„2  =  (77.6  x  lO^pT'2)2  (1  +  9620ep-!  T~l)2CT2  +  (0.373  T~2)2Ce2, 
neglecting  the  effects  of  pressure  fluctuations  and  assuming  that  temperature  and  humidity  fluctu- 
ations are  uncorrelated  within  the  inertial  subrange. 


C„a2  x  10«m-2/3  C„2  x  1012m-2/3 

Ct2  =  1  (°C)2m-2/3  3  1 

Ce2  =  1  (mb)2m-2'3  0.02  20 

C„2  =  1  (m  s-^m-2'3  0-16  0 


troposphere.  The  refractive-index  variability,  and  consequently  the  scattering,  are 
typically  5  to  6  orders  of  magnitude  stronger  for  acoustic  waves  than  for  microwaves. 
For  microwave  scattering,  the  contribution  of  humidity  fluctuations  may  exceed  the 
influence  of  temperature  variability  by  more  than  an  order  of  magnitude,  while  for 
acoustic  waves,  the  humidity  variations  ordinarily  can  be  neglected  with  an  error  of 
less  than  1%  in  scattered  power.  Moreover,  the  influence  of  wind  variability  on  sound 
scattering  depends  on  the  scattering  angle,  with  no  contribution  for  pure  back- 
scattering.  Thus,  wind  variability  and  temperature  variations  may  be  obtained 
separately  by  combining  monostatic  and  bistatic  sodar,  and  the  joint  use  of  monostatic 
radar  and  sodar  allows  separate  determination  of  fluctuations  in  humidity  and  tem- 
perature. 

3.3.  Backscattering 

Since  the  monostatic  radar  and  sodar  configurations  are  of  particular  interest,  we 
also  give  explicitly  the  corresponding  scattering  cross-sections  in  the  case  of  pure 
backscattering,  the  general  form  in  Equation  (11),  and  the  special  case  of  a  Kolmogo- 
rov  spectrum  of  turbulence  in  Equation  (12). 


<Tem  =  2nk*(t>n(2K) 
<ra  =  27tA:4(2T)-Vr(2ks). 


(ID 


We  are  sampling  the  power  spectral  density  of  radio  refractive  index  and  temperature' 
respectively,  along  the  radial  vector  at  a  scale  size  of  0.5  X. 


rem  =  0.016  kll3C2n 
aa  =  0.016  k1/3(2Ty2Cl 


ll2{~>T\-2n2  (12) 
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We  may  introduce  reflectivity  rj  =  4no,  the  backscattering  cross-section  per  unit 
volume,  and  together  with  k  =  2nX~l  reduce  Equation  (12)  to  the  familiar  forms 

,/em  =  0.38Cn2A-1/3 

(13) 
>/a  =  0.38(27T2C£r1/3  . 

We  note  that  the  combined  monostatic  radar  and  sodar  experiment  allows  deter- 
mination of  C2  and  CT2,  from  which  C2  may  be  evaluated  (Table  IV). 
For  the  particular  case  of  dry  air,  we  have 

C2  =  [77.6  x  1(T6  pT'2f  C\  (14) 

and  we  may  at  a  given  wavelength  directly  evaluate  the  ratio  of  sodar  to  radar  re- 
flectivity for  backscattering  from  temperature  fluctuations. 

r\J\™   ~40x  106TV2.  (15) 

At  the  surface,  about  1000  mb  at  288  K,  we  obtain  tjji'J  ~  3x  106,  while  ratios  of 
about  50  x  106  would  be  obtained  at  tropopause  levels  with  200  mb  and  220  K. 
Although  these  values  imply  an  effectiveness  of  backscattering  more  than  one  million 
times  better  for  sodar  than  for  radar,  a  proper  comparison  of  sounder  performance 
must  take  into  account  the  total  system  performance  by  evaluation  of  propagation 
loss  and  system  parameters  such  as  transmitted  power,  effective  aperture,  receiver 
noise,  and  spatial  and  temporal  integration  (Chadwick  and  Little,  1972). 

In  the  planetary  boundary  layer,  the  influence  of  temperature  variability  on  C„2  is 
often  negligible  compared  with  the  effect  of  humidity  fluctuations,  and  we  have 

C2  *  (0.373  T~2)2C2.  (16) 

In  such  situations,  a  useful  estimate  of  the  ratio  of  sodar  to  radar  reflectivity  at  a 
given  wavelength  may  be  obtained  from 

r,ar,;^LST2C2Ce-2  .  (17) 

4.  Experimental  Results 

Atlas  (1964)  has  reviewed  some  of  the  early  studies  of  radar  echoes  from  stratified 
layers.  These  layers  usually  correspond  in  height  to  regions  having  sharp  vertical 
gradients  in  refractive  index.  Additional  evidence  for  the  existence  of  clear-air  radar 
layers  associated  with  large  variations  of  refractive  index  has  been  given  by  Saxton 
et  al.  (1964),  Hardy  et  al.  (1966),  and  Kropfli  et  al.  (1968).  Multiple  stratifications 
have  been  reported  recently  by  Ottersten  (1969a),  Katz  (1969),  Crane  (1970),  Kropfli 
(1971)  and  Starr  and  Browning  (1972).  The  scattering  layers  may  be  quite  shallow, 
perhaps  only  a  few  meters  thick  as  reported  by  Gossard  et  al.  (1970),  or  they  may  be 
of  the  order  of  1  km  in  depth.  Ottersten  (1970a)  describes  the  clear-air  scattering 
layers  as  occurring  within  stable  regions  in  particular  zones  of  enhanced  static 
stability  where  vertical  shear  of  the  horizontal  wind  is  accentuated.  As  the  shears  are 
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strengthened  by  larger-scale  processes,  small-scale  overturning  and  turbulence  may 
break  out  within  the  thin  zones  or  layers.  The  layers  are  outlined  by  sensitive  radars 
due  to  backscattering  from  the  associated  perturbations  in  temperature  and  water 
vapor.  If  the  turbulence  within  thin  layers  is  not  able  to  erode  the  accentuating  shear 
forces  fast  enough,  breakdowns  at  progressively  larger  scales  take  place.  This  over- 
turning is  outlined  by  the  previously  turbulent  thin  lamina,  although  the  new  in- 
stability of  larger  scale  may  intensify  the  refractive-index  variability  and  the  radar 
returns.  Deformation  of  the  wind  field  by  dynamical  processes  such  as  internal  fronts, 
gravity  waves,  and  mountain  waves  may  lead  to  rapid  local  accentuation  of  the  vertical 
wind  shear;  on  occasion  the  final  breakdown  may  take  place  over  large  vertical 
depths  with  escalation  of  the  turbulence  to  scales  and  intensities  of  concern  for  aviation. 
Whether  the  breakdown  occurs  within  thin  lamina  or  over  large  vertical  depths,  the 
instability  generally  takes  the  form  of  regularly  spaced  two-dimensional  rolls  of 
lateral  extension.  The  configuration  exhibits  the  same  structural  characteristics  as 
billow  clouds.  Thus,  the  overturning  very  much  resembles  the  dynamic  instability  of 
the  Kelvin-Helmholtz  (K-H)  type  which  occurs  within  a  hydrostatically  stable  flow 
with  both  an  inflection  point  in  the  velocity  profile  and  a  sufficiently  strong  vertical 
shear.  Because  of  its  periodic  appearance,  the  instability  is  often  referred  to  as 
'unstable  K-H  waves'  although  the  configuration  does  not  propagate  in  the  flow; 
instead,  initial  wavelike  disturbances  arise  within  the  flow  and  roll  up  while  the  entire 
vortex  sheet  moves  with  the  velocity  of  the  mean  flow. 

With  the  vertically-pointing  ultrahigh-resolution  FM-CW  radar  (Richter,  1969), 
Richter  and  Gossard  (1970)  have  been  able  to  study  the  breakdown  mechanism  in 
detail  and  to  reveal  the  influence  of  some  of  the  processes  responsible  for  the  defor- 
mation of  the  mean  fields  leading  to  dynamic  instability  and  small-scale  breakdown 
in  the  flow.  In  a  series  of  important  papers  (Gossard  and  Richter,  1970,  1972;  Gossard 
et  al.,  1970,  1971)  and  in  this  issue,  Gossard  et  al.  have  interpreted  the  FM-CW  radar 
observations,  in  terms  of  the  influence  of  trapped  and  untrapped  internal  gravity 
waves  on  statically  stable  shear  flows  in  the  lower  clear  atmosphere.  They  have 
analyzed  the  distribution  of  Richardson  number,  Ri,  in  trapped  and  untrapped 
gravity  waves  and  concluded  that  untrapped  internal  gravity  waves  whose  propagation 
vector  is  directed  nearly  vertically  within  very  stable  height  regions  may  reduce  Ri 
below  the  critical  value  in  thin  lamina  and  cause  dynamic  instability.  The  resulting 
overturning  takes  an  organized  form  resembling  K-H  instability  within  thin  lamina 
no  more  than  a  few  meters  deep,  and  the  associated  small-scale  deformations  of  the 
refractive-index  field  scatter  electromagnetic  (and  acoustic)  waves  and  outline  the 
thin  lamina  on  the  time-height  display  of  the  FM-CW  radar.  Trapped  gravity  wave 
systems  propagating  in  the  stable  boundary  layer  cause  undulations  on  the  thin 
lamina  which  may  be  monitored  by  the  FM-CW  radar  for  analysis  with  concurrent 
microbarograph  data.  Moreover,  a  higher  generation  of  dynamic  instability,  also 
resembling  trains  of  K-H  instability  structures,  is  often  seen  to  perturb  the  thin, 
previously  already  unstable  lamina.  These  larger-scale  vortices  are  seen  on  the  FM- 
CW  radar  by  virtue  of  the  backscattering  from  previously  existing  small-scale  de- 
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formations  in  the  refractive-index  field  within  the  thin  turbulent  lamina,  but  it 
also  appears  that  the  refractive-index  variability  and  the  radar  return  are  enhanced 
when  the  stream  surfaces  are  deformed  by  the  larger-scale  instability. 

Figure  1,  from  Richter  and  Gossard  (1970),  contains  features  in  the  echo  patterns 
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Fig.  1 .  Intensity-modulated  display  of  time-height  record  obtained  with  a  vertically-pointing  FM-CW 
radar,  with  the  record  enlarged  in  the  lower  diagram.  Notable  features  in  the  echo  patterns  indicate 
three  types  of  structures  in  the  clear  atmosphere:  thin,  multiple  layers,  some  of  regular  vertical  spacing, 
are  dynamically  unstable  lamina  which  contain  small-scale  overturning  and  which  probably  are 
created  by  untrapped  internal  gravity  waves  with  nearly  vertical  propagation  vectors  in  very  stable 
height  regions;  slow,  sinusoidal  undulations  on  the  layers  are  trapped  gravity  wave  systems  of  higher 
frequencies,  ordinarily  representing  the  fundamental  mode  of  gravity  waves  propagating  in  the  stable 
boundary  layer;  small-scale  vortex  features,  some  of  cusped  appearance,  resemble  trains  of  K-H 
instability  structures  which  occur  as  a  result  of  dynamic  instability  in  statically  stable  shear  flows. 
Detailed  analysis  has  revealed  that  the  overturning  within  thin  lamina  also  resembles  K.-H  instability, 
probably  a  result  of  reduction  in  the  Richardson  number  due  to  superposition  of  wave-induced  shear 
from  the  untrapped  wave  on  the  background  shear.  (From  Richter  and  Gossard,  1970.)  (All  figures 
reproduced  with  permission  of  the  authors.) 


which  give  evidence  of  three  of  these  four  types  of  processes  in  the  clear  atmosphere. 
Thin,  multiple  layers,  some  of  regular  vertical  spacing,  are  dynamically  unstable 
lamina  which  are  created  by  untrapped  internal  gravity  waves  with  nearly  horizontal 
equiphase  surfaces  in  very  stable  zones.  Detailed  analysis  has  revealed  that  the  over- 
turning within  thin  lamina  resembles  K-H  instability  (not  resolved  in  Figure  1), 
probably  a  result  of  reduction  in  Ri  due  to  superposition  of  wave-induced  shear  from 
the  untrapped  wave  on  the  background  shear.  Slow,  sinusoidal  undulations  on  the 
layers  are  trapped  internal  waves  of  higher  frequencies,  ordinarily  representing  the 
fundamental  mode  of  gravity  waves  propagating  in  the  stable  boundary  layer. 
Vortex  features  which  resemble  trains  of  K-H  instability  structures  perturb  some  of 
the  layers,  which  presumably  contain  K-H  instability  on  a  smaller  scale  not  resolved 
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in  Figure  1.  We  infer  that  these  visible  vortices  evidence  a  higher  generation  of  K-H 
instability  which  develops  as  a  result  of  consecutive  shear  instability  at  successively 
larger  scales  (Ottersten,  1970a). 

Many  of  the  structures  observed  by  the  FM-CW  radar  have  not  yet  obtained 
satisfactory  explanations,  but  it  appears  that  the  processes  which  have  been  identified 
and  much  of  the  analysis  they  have  received  are  also  relevant  to  statically  stable  shear 
layers  observed  by  high-powered  pulse  radars  in  clear  air  at  higher  altitudes  and 
longer  ranges.  Internal  fronts  and  gravity  waves  in  the  free  atmosphere,  and  mountain 
waves  and  lee  waves  in  particular,  deform  the  mean  fields  of  static  stability  and  wind, 
resulting  in  local  reduction  of  Ri  below  critical  values  in  statically  stable  shear  zones. 
The  scale  of  overturning  will  often  be  too  small  to  be  resolved  at  long  ranges  and  the 
echoes  will  appear  as  almost  featureless,  stratified  layers.  Moreover,  at  high  altitudes 
these  layers  will  not  be  detectable  unless  large-scale  overturning  develops  and  in- 
tensifies temperature  variability  and  radar  reflectivity.  We  have  no  reason  to  assume, 
then,  that  the  first  vortex  features  that  the  radar  is  able  to  detect  and  resolve  are  also 
evidence  for  the  first  unstable  scale.  On  the  contrary,  we  may  suspect  that  once  the  radar 
reveals  overturning  over  scales  of  a  hundred  meters  or  more,  we  are  witnessing  the 
last  event  in  a  sequence  of  consecutive  shear  instability,  starting  possibly  at  meter 
scales  and  escalating  in  several  steps  to  successively  larger  scales.  Each  event  may  well 
be  a  case  of  K-H  instability,  the  later  events  representing  recurrences  of  K-H  in- 
stability over  larger  spatial  and  longer  temporal  scales.  Thin  layers  of  small-scale 
overturning  are  of  little  concern  for  aviation  and  give  weak  radar  echoes,  unless  they 
coincide  with  sharp  vertical  gradients  in  water  vapor  contents.  Large-scale  over- 
turning over  deeper  layers  gives  stronger  radar  echoes  and  these  huge  vortices  with 
the  associated  trail  of  lesser  whirls  represent  a  hazard  for  many  aircraft. 

4. 1 .  Kelvin-helmholtz  instability 

Hicks  and  Angell  (1968)  were  the  first  to  analyze  the  structure  observed  by  high- 
power  radars  in  dynamically  unstable  shear  flows  in  a  clear  atmosphere.  This  was 
rapidly  followed  by  other  studies  (Hicks,  1969;  Boucher,  1970;  Ottersten,  1970a; 
Browning  and  Watkins,  1970;  Atlas  et  al.,  1970;  Gossard  et  al.,  1970). 

Figure  2,  from  Browning  and  Watkins  (1970),  illustrates  the  stages  in  the  devel- 
opment of  'K-H  billows',  a  wave-like  pattern  which  often  leads  to  cloud  formation 
at  the  crests  ( Ludlam,  1 967 ;  Scorer,  1 969a).  The  stage  with  the  closed  rotor  corresponds 
to  overturning  of  the  layer  into  a  structure  which  is  often  observed  with  radar.  In 
fact,  radar  structures  which  are  observed  throughout  the  history  of  billow  devel- 
opment are  indicated  by  the  darker  line.  The  light  line  represents  the  stream  surface 
in  the  portion  of  the  structure  which  breaks;  usually  this  detail  can  only  be  resolved 
with  ultrahigh  resolution  radar  (see  Figure  7).  Note  that  in  the  overturned  or  'braided' 
stage,  the  radar  outlines  mainly  the  boundaries  of  the  rotor  circulation.  This  is  so 
because  the  overturning  will  accentuate  the  gradients  at  the  boundaries  where  the  air 
parcels  have  their  maximum  displacement,  while  weaker  contrasts  inside  the  rotor  are 
destroyed  by  turbulence.  In  the  final  stage,  the  echoes  are  in  the  form  of  'stretched 
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Fig.  2.  Schematic  representation  of  the  life  cycle  of  an  individual  K-H  billow  based  on  high-power 
radar  observations.  Time  progresses  from  right  to  left.  Thick  lines  correspond  to  the  detectable  clear- 
air  radar  echo,  which  started  as  a  single  layer  at  1243  and  finished  as  a  double  layer  at  1258  GMT. 
Schematic  vertical  profiles  of  potential  temperature  gradient  (A9/AZ)  are  indicated  before  and  after 
the  occurrence  of  K-H  instability.  (From  Browning  and  Watkins,  1970.) 
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Fig.  3.  Meteorological  situation  associated  with  'braided'  clear-air  radar  echoes  obtained  at  Wallops 
Island,  1968  February  7,  shown  in  the  insert.  The  curve  marked  T  is  the  temperature  profile;  U,  the 
wind  speed  profile;  D,  the  wind  direction;  and  Ri,  the  Richardson  number  profile.  Note  that  the  clear 
air  billows  occur  in  a  region  of  pronounced  static  stability  and  strong  shear,  with  a  low  value  of  Ri. 


384 


66 


HANS  OTTERSTEN  ET  AL. 


filaments'  and  a  layer  forms  both  at  the  bottom  and  top  boundaries  of  the  original 
overturned  layer.  Modification  of  the  profile  of  potential  temperature  gradient, 
df?/dz,  by  the  overturning  and  turbulence  is  shown  by  the  sketches  to  the  right  and 
left  of  the  billow  development.  An  initial  single  layer  of  large  d8/dz  is  modified  to 
form  two  regions  of  large  d0/dz  at  the  upper  and  lower  boundaries  of  the  overturned 
layer. 

An  outstanding  example  of  clear-air  billows  observed  by  high-power  radar  and  the 
associated  meteorological  sounding  are  shown  in  Figure  3.  The  pattern  appeared  near 
a  height  of  1 1  km  above  an  extensive  region  of  cloud  and  precipitation.  It  is  seen  that 
the  structure  occurs  within  a  region  of  strong  stability  and  marked  wind  shear. 
The  gradient  Richardson  number  Ri,  which  is  the  ratio  of  the  negative  buoyancy 
force  to  the  inertial  forces,  is  plotted  to  the  right  of  Figure  3.  It  has  its  lowest  value 
within  the  zone  of  the  radar  echoes.  This  feature  is  consistent  with  the  requirements 
for  the  development  of  K-H  instability.  Other  striking  examples  of  clear-air  billows 
observed  by  high-power  radar  are  shown  by  Boucher  (1970)  and  Browning  (1971). 

Browning  (1971)  obtained  radiosonde  measurements  within  one  hour  of  the 
occurrence  of  large  amplitude  billows  as  observed  with  the  10.7-cm  radar  in  Defford, 
England.  He  restricted  his  study  to  billows  of  large  amplitude  because  these  were  easy 
to  resolve  with  high-power  radar  and  because  only  in  these  cases  was  it  possible  to 
obtain  profiles  of  stability  and  shear  with  the  necessary  resolution  for  a  meaningful 
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Fig.  4.  The  maximum  value  of  the  wind  shear,  AV\AZ,  over  layers  200  m  deep  within  the  height 
interval  occupied  by  K-H  billows,  plotted  against  the  corresponding  value  of  the  vertical  gradient  of 
potential  temperature,  A9/AZ,  for  17  cases.  Solid  lines  areisoplethsof  Ri  over  the  corresponding  layers. 

(From  Browning,  1971.) 
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comparison  with  the  radar  data.  Most  of  the  billows  had  a  crest-to-trough  amplitude 
between  300  and  400  m  and  occurred  at  heights  between  5.6  and  10.7  km.  On  the 
basis  of  linear  theory,  Ri  should  be  less  than  or  equal  to  0.25  before  K-H  instability 
can  be  initiated  (Miles  and  Howard,  1964).  In  the  17  cases  investigated,  Browning 
(1971)  found  that  the  minimum  value  of  Ri  when  evaluated  over  layers  200  m  deep 
was  usually  in  the  range  0.15-0.3.  The  results  for  the  17  cases  are  shown  in  Figure  4. 
Considering  the  difficulty  of  investigating  this  phenomenon,  the  agreement  between 
experimental  and  theoretical  results  is  remarkable. 

Browning  et  al.  (1970)  describe  some  radar  observations  of  clear-air  billows  at  the 
tropopause  in  association  with  lee-wave  development  east  of  the  South  Wales  moun- 
tains. Simultaneous  measurements  were  obtained  with  a  fully  instrumented  aircraft 


RADAR   MEASUREMENTS 


DISTANCE  FROM  0EFF0RD  ALONG  280°  (km) 
Fig.  5.  Locations  of  detectable  10.7-cm  wavelength  radar  echoes  associated  with  K-H  billows  at  the 
tropopause  on  1970  February  3,  near  Defford,  England  with  the  radar  pointing  towards  280°.  The 
crest-to-trough  amplitude  of  the  billows  is  indicated  by  shading  (see  key  in  figure).  Also  shown  are  the 
positions  of  crests  in  the  lee  wave  pattern  as  observed  by  radar.  Arrows  on  the  right  side  of  the  diagram 
denote  times  of  individual  RHI  scans.  Aircraft  turbulence  reports  along  the  path  AB  and  CD  are 
plotted  according  to  the  code  indicated  in  the  key.  Time  and  space  registration  between  the  radar  and 
aircraft  data  is  thought  to  have  been  closer  than  1  min  and  3  km, 
respectively.  (From  Browning  et  al.,  1970.) 
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in  a  specific  patch  of  K-H  billows  where  the  aircraft  experienced  moderate  CAT. 
The  aircraft  and  radar  observations  on  that  occasion  are  shown  in  the  distance-time 
diagram  in  Figure  5  where  distance  is  the  range  upwind  from  the  radar.  The  shaded 
areas  in  this  figure  represent  patches  of  billows  detected  by  the  radar  at  heights  from 
10.5  to  1 1  km.  The  two  lines  AB  and  CD  represent  two  aircraft  flight  paths  made  at  a 
height  of  10.9  km.  Although  the  aircraft  appears  to  have  missed  the  billows  of  largest 
amplitude,  the  maximum  rms  vertical  acceleration  of  0.65  g  (corresponding  to  moder- 
ate, almost  severe  turbulence)  occurred  close  to  the  patch  of  500-m  amplitude  billows 
observed  by  radar.  It  is  also  noted  that  there  is  a  tendency  for  the  maximum  billow 
amplitude  to  occur  in  the  vicinity  of  the  most  pronounced  lee-wave  crest. 

Mather  and  Hardy  (1970)  also  have  presented  instrumented  aircraft  measurements 
in  the  vicinity  of  clear-air  radar  structures  resembling  K-H  billows.  Their  preliminary 
analysis  seemed  to  preclude  an  explanation  in  terms  of  K-H  instability,  but  after  a 
more  detailed  investigation,  Hardy  et  al.  (1973)  conclude  that  all  the  information  on 
this  case  leads  to  a  picture  of  two-dimensional  K-H  billows.  Figure  6  shows  the  air- 
craft data  observed  at  the  same  time  that  the  radar  was  detecting  the  wave-like  struc- 
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Fig.  6.  Data  obtained  by  a  T-33  aircraft  on  1970  February  19  at  a  height  of  2600  m  near  Wallops 
Island,  Virginia,  along  an  azimuth  of  073  .  Time  histories  show  longitudinal  wind  speed  U,  differential 
static  temperature  z)7s,  differential  total  temperature  ATr,  and  lateral  component  v  and  vertical 
component  w  of  turbulence  measured  in  a  layei  giving  clear-air  radar  echoes.  The  upper  inset  is  a 
photograph  of  the  10.7-cm  wavelength  RHI  scope  and  the  lower  inset  is  a  retouched  photo  of  the  same 
data.  The  RHI  photo  was  taken  about  1727: 15  GMT  along  an  azimuth  parallel  to  the  aircraft  track 
but  the  two  sets  of  data  were  displaced  by  about  5  km.  The  radar  pattern  was  enlarged  to  match  the 
equivalent  range  sampled  by  the  aircraft  and  the  pattern  was  shifted  slightly  in  the  figure  in  order  that 
the  wave  structure  and  aircraft  data  would  be  mutually  consistent.  The  white  horizontal  line  is  the 
altitude  of  the  flight  path  with  respect  to  the  waves.  Note  that  the  turbulence  is  associated  mainly  with 
the  troughs  of  the  waves.  (From  Hardy  et  al.,  1973.) 
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ture.  A  portion  of  the  radar-observed  'wave'  which  occurred  in  the  vicinity  of  the  air- 
craft is  shown  as  an  inset  in  the  figure.  The  line  on  the  inset  represents  the  flight  path 
through  the  structure.  The  increasing  turbulence  along  the  path  may  occur  because 
the  aircraft  was  flying  a  little  higher  and  in  the  more  central  portions  of  the  structure 
as  time  increased. 

The  top  trace  in  Figure  6  is  the  component  of  the  wind  parallel  to  the  aircraft  track 
(073°),  averaged  over  2.5  s.  The  second  trace  is  the  differential  static  temperature  aver- 
aged in  the  same  way.  Trace  3  (ATT)  is  the  differential  total  temperature  measured  by 
a  fast-response  temperature  probe  with  a  frequency  response  flat  to  10  Hz.  it  is  shown 
here  to  illustrate  the  sharpness  of  the  density  gradient  across  the  interface  between  the 
smooth  and  turbulent  flows.  The  bottom  two  traces  are  the  lateral  (v)  and  vertical  (w) 
components  of  turbulence  measured  in  the  layer.  Since  the  displacement  of  the  air  is 
approximately  an  adiabatic  process,  temperatures  will  be  lower  than  the  mean  when 
the  aircraft  is  sampling  air  brought  up  from  below  and  vice  versa  for  air  brought  down. 
Consequently,  the  stream  surface  will  be  exactly  out  of  phase  with  the  temperature 
structure.  Similarly,  the  U-component  of  wind  is  also  out  of  phase  with  the  stream 
surface,  since  the  wind  increased  with  height  throughout  the  layer. 


Fig.  7.  Two  trains  of  clear-air  billows  observed  drifting  through  the  beam  of  a  vertically-pointing 
FM-CW  radar.  Presumably,  evolution  is  negligible  while  one  billow  is  advected  over  the  radar,  and 
the  temporal  picture  of  one  individual  billow  very  nearly  gives  its  spatial  structure.  Both  vortex  sheets 
are  probably  manifestations  of  K-H  shear  instability.  The  top  sequence  seems  to  illustrate  all  phases 
of  growth,  breaking,  mixing  across  the  interface,  and  eventual  stretching  by  shear.  Note  details  in  the 
third  billow  such  as  thin  line  in  stream  surface  prior  to  breaking,  and  wrinkled  upslope  possibly 
evidencing  secondary  instabilities.  Examination  of  fine  structure  in  the  thin  layer  at  200  m  in  the  bottom 
sequence  has  revealed  organized  overturning,  resembling  K-H  instability,  also  within  this  layer,  at 
meter  scales.  We  infer  that  the  billow  train  above,  at  400  m,  is  a  higher  generation  of  K-H  instability, 
perturbing  a  thin,  already  unstable  layer  containing  K-H  instability  at  meter  scales. 
(From  Gossard  el  ai,  1971.) 
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Figure  6  can  be  thought  of  as  a  slice  through  the  layer  at  an  instant  in  time,  since 
the  aircraft  speed  is  large  compared  to  the  motion  of  the  structure.  Six  cycles  of  the 
periodic  structure  have  been  measured.  As  the  amplitude  of  the  'wave'  grows,  bursts 
of  turbulence  are  observed  in  the  troughs  (1727:27  and  1728:40)  until,  at  1729:45,  a 
20-s  outbreak  of  moderate  turbulence  is  experienced  in  the  large  amplitude  trough. 
As  seen  from  the  sharp  changes  in  ATT  in  the  last  two  cycles,  the  turbulent  mixing 
process  appears  to  be  intensifying  the  density  gradient  across  the  bottom  interface 
between  the  smooth  and  turbulent  layers.  This  could  also  enhance  the  radar  echo  from 
the  structure. 

The  FM-CW  radar  often  resolves  clear-air  billows  in  the  planetary  boundary  layer 
in  remarkable  detail.  In  Figure  7,  from  Gossard  el  a/.  (1971),  two  samples  of  billow 
trains  are  shown  drifting  through  the  vertically-pointing  radar  beam.  Gossard  et  al. 
(1970)  present  evidence  that  one  individual  billow  moves  past  the  radar  with  the  mean 
wind  at  its  altitude,  ordinarily  in  such  a  short  time  that  the  temporal  picture  from  the 
radar  display  very  nearly  gives  the  spatial  structure  of  an  individual  billow.  The  top 
sequence  in  Figure  7  seems  to  illustrate,  in  successive  billows,  all  phases  of  growth, 
breaking,  mixing  across  the  interface,  and  eventual  stretching  by  shear.  Note  details 
in  the  third  billow  such  as  the  thin  line  in  the  stream  surface  prior  to  breaking,  and  the 
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Fig.  8.  This  time-height  record,  evidencing  dynamic  instability  in  the  statically  stable  boundary 
layer,  was  obtained  with  a  vertically-pointing  monostatic  sodar,  receiving  backscatter  from  tempera- 
ture irregularities.  Evidently,  the  structures  at  400  to  600  m  resemble  the  clear-air  billows  in  Figure  7, 
when  the  differences  in  time  scale  and,  probably,  advecting  wind  are  considered.  We  infer  that  also 
this  structure  is  a  manifestation  of  K.-H  shear  instability  in  clear  air,  although  the  sodar  displays  the 
temperature  variability  while  the  radar  returns  in  Figure  7  originate  from  centimeter-scale  water  vapor 
fluctuations.  Note  enhanced  returns  in  upslopes  and  weakly  reflecting,  diffuse  breaking  portions. 

(From  Hall,  1971.) 
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wrinkled  upslope  which  may  be  evidence  of  secondary  instabilities  (Scorer,  1969b; 
Ottersten,  1970a)  and  a  probable  reason  for  the  enhancement  of  radar  echo  from  the 
upslope.  When  the  sub-structure  of  thin  layers,  such  as  the  lower  layer  at  200  m  in  the 
bottom  sequence  of  Figure  7,  is  examined  in  detail,  it  is  revealed  that  these  thin  layers 
also  contain  organized  structures  resembling  K-H  billows  at  meter  scales  (Gossard 
et  al.,  1971).  From  this  we  infer  that  the  billow  train  at  400  m  in  the  lower  sequence  of 
Figure  7  is  a  higher  generation  of  K-H  instability,  perturbing  a  thin,  already  unstable 
layer  containing  K-H  instability  at  meter  scales. 

Kelvin-Helmholtz  instability  structures  are  also  often  observed  by  vertically- 
pointing  sodars  probing  statically  stable  shear  flows  in  the  planetary  boundary  layer 
(Mahoney,  1969;  McAllister  et  al.,  1969;  Emmanuel  et  al.,  1972).  One  example  is 
shown  in  Figure  8,  which  is  a  time-height  record  obtained  with  a  vertically-pointing 
monostatic  sodar  receiving  backscatter  from  temperature  irregularities  (Hall,  1971). 
Considering  the  differences  in  time  scale  and  advecting  wind,  the  structures  at  400  to 
600  m  in  Figure  8  resemble  the  clear-air  billows  in  Figure  7,  and  we  infer  that  both 
types  of  structures  are  manifestations  of  K-H  shear  instability,  although  the  sodar 
displays  the  temperature  variability  while  the  radar  returns  in  Figure  7  originate  from 
small-scale  water  vapor  fluctuations.  The  enhanced  returns  in  upslopes  and  the  weakly 
reflecting,  diffuse  breaking  portions  on  the  sodar  record  in  Figure  8  are  also  con- 
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Fig.  9.  FM-CW  radar  records  of  multiple  layers  in  clear  air.  Thin  lamina  periodically  spaced  in  the 
vertical  (top)  are  layers  of  reduced  Ri  propagating  with  the  nearly  horizontal  equi-phase  surfaces  of 
untrapped  gravity  waves.  Dynamic  instability  occurs  in  these  lamina  since,  in  the  presence  of 
background  shear,  the  untrapped  wave  can  reduce  Ri  below  the  critical  level  in  the  vicinity  of  crests 
or  troughs,  depending  on  direction  of  background  shear.  Lower  frame  shows  two  intersecting  layers 
which  resemble  upward  and  downward  propagating  waves.  Enhanced  instability  and  turbulence 
are  indicated  at  their  intersection.  (From  Gossard  et  al.,  1971.) 
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sistent  with  features  of  K-H  billows  observed  by  radar.  Enhanced  variability  of  both 
water  vapor  and  temperature  would  result  if  secondary  instabilities  develop  in  the 
upslopes  and  deform  and  wrinkle  an  interface  with  gradients  in  both  temperature  and 
water  vapor. 

4.2.  Internal  gravity  waves 

As  illustrated  in  the  top  frame  of  Figure  9,  many  of  the  FM-CW  radar  records  show 
multiple  layers  more  or  less  regularly  spaced  in  the  vertical  so  that  it  is  natural  to  con- 
sider the  possibility  that  untrapped  gravity  waves  with  nearly  vertical  propagation 
vectors  produce  the  multiple  layering.  In  an  extension  of  an  earlier  analysis  (Gossard 
et  al.,  1971)  Gossard  et  al.  demonstrate  in  this  issue,  p.  113,  that  for  an  untrapped 
gravity  wave  propagating  into  a  region  of  enhanced  static  stability  (or  a  zone  of  dif- 
ferent wind  speed),  the  wave  vector  tilts  toward  the  vertical  and  the  vertical  wavelength 
decreases  so  that  the  ratio  of  amplitude  to  wavelength  increases.  This  reduces  the 
Richardson  number  at  some  phase  of  the  wave  and,  in  the  presence  of  background 
shear,  critical  values  are  reached  in  the  vicinity  of  crests  or  troughs,  depending  on  the 
direction  of  background  shear.  It  is,  therefore,  concluded  that  dynamic  instability  in 
untrapped  wave  systems  imbedded  in  a  medium  of  strong  static  stability  and  some 
shear  would  generate  a  structure  of  regularly  spaced,  horizontally  stratified,  multiple 
layers,  similar  to  the  thin  multiple  layers  seen  by  FM-CW  radar  within  temperature 
inversions  and  exemplified  in  the  top  frame  of  Figure  9. 

Untrapped  waves  may  propagate  upwards  or  downwards  through  the  stable 
zones  and  on  occasion,  waves  from  above  and  below  will  meet  and  possibly  interact 
in  these  zones.  The  lower  frame  in  Figure  9,  which  is  no  isolated  occurrence,  shows  a 
case  of  two  intersecting  layers  which  resemble  upward  and  downward  propagating 
waves.   Enhanced   instability  and  turbulence  are  indicated  at  their  intersection. 

The  multiple  lamina,  which  have  been  attributed  to  low-frequency,  untrapped 
gravity  waves,  more  often  than  not  display  sinusoidal  undulations  propagating  hori- 
zontally. Gossard  et  al.  (1970)  have  investigated  these  trapped  higher  frequency  waves 
with  concurrent  wind  and  microbarograph  data  and  conclude  that  they  represent  the 
fundamental  mode  of  oscillation  for  a  stable  planetary  boundary  layer.  These  waves 
have  periods  in  the  order  of  10  min,  wavelengths  of  a  few  kilometers,  and  amplitudes 
of  about  100  m.  Their  phase  velocities,  of  order  10ms_1,  always  differ  from  the  wind 
speed  and  are  generally  much  larger,  so  that  the  wind  plays  a  minor  role,  except  that 
it  causes  some  Doppler  shift  in  the  observed  frequency.  Gossard  et  al.  (1970)  speculate 
that  waves  with  velocities  comparable  with  the  airstream  velocity  component  in  the 
direction  of  propagation  are  destroyed  by  shear  instability.  Periods  greater  than  about 
10  min  will  be  most  commonly  observed  since  they  ordinarily  escape  destruction, 
having  higher  phase  velocities  than  the  range  of  trapped  waves  with  higher  frequencies. 

Nonlinear  effects  become  important  in  trapped  waves  at  a  fluid  interface  when  the 
wave  amplitude  cannot  be  considered  small  compared  to  the  depth  of  the  lower  fluid, 
as  may  be  the  case  in  the  atmosphere  with  a  strong  temperature  inversion  near  the 
ground.  Figure  10,  from  Gossard  and  Richter  (1970),  shows  such  a  case  with  the 
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Fig.  10.  FM-CW  radar  record  of  finite-amplitude  internal  gravity  wave  with  crests  sharper  than 
troughs,  indicating  importance  of  nonlinear  effects.  This  shape  of  internal  waves  at  a  fluid  interface 
develops  when  the  wave  amplitude  cannot  be  considered  small  compared  to  the  depth  of  the  lower 
fluid,  as  may  be  the  case  in  the  atmosphere  with  a  strong  temperature  inversion  near  the  ground. 
The  characteristics  of  this  wave  have  been  adequately  described  in  the  Stokes  form  of  third-order 
nonlinear  theory  applied  to  a  two-layer  model.  (From  Gossard  and  Richter,  1970.) 


FM-CW  radar  record  displaying  a  trapped  gravity  wave  of  finite  amplitude  with 
the  crests  sharpened  and  the  troughs  flattened  due  to  nonlinear  effects  because  of 
the  proximity  of  the  stable  interface  to  the  ground.  The  characteristics  of  this  type 
of  wave  have  been  adequately  described  by  the  Stokes  form  of  third-order  nonlinear 
theory  applied  to  a  two-layer  model  (Gossard  and  Richter,  1970). 

The  wavetrain  in  Figure  10  also  illustrates  that  the  local  Ri  structure  within  trapped 
waves  is  not  the  dominant  factor  for  the  control  of  dynamic  instability  and  enhance- 
ment of  refractive-index  variability  and  radar  reflectivity.  The  fairly  uniform  radar 
return  from  all  phases  of  the  wave  in  Figure  10  and  the  general  absence  of  crest  and 
trough  enhancement  in  other  large-amplitude  waves  imply  that  the  theoretically 
inferred,  self-induced  reduction  in  Ri  at  crests  and  troughs  in  trapped  wave  systems 
(Gossard  et  al.,  1971)  is  at  most  a  secondary  factor  in  producing  the  radar  patterns  of 
trapped  gravity  waves.  It  appears  probable  that  the  trapped  waves  generally  are  seen 
by  the  radar  only  because  of  the  presence  of  the  thin,  dynamically  unstable  lamina  of 
enhanced  radar  reflectivity  which  have  been  attributed  to  low  frequency,  untrapped 
gravity  waves.  In  this  issue,  p.  113,  however,  Gossard  et  al.  show  some  examples 
of  large-scale  waves  with  evidence  of  instability  or  breaking  which  may  represent  the 
effect  of  self-induced  reduction  in  Ri  within  trapped  waves. 

Evidence  of  atmospheric  gravity  waves  propagating  in  the  planetary  boundary 
layer  is  also  common  in  sodar  records.  Hooke  et  al.  ( 1 972)  note  that  these  undulations 
are  a  major  dynamical  feature  of  the  stable  atmospheric  boundary  layer,  which  at 
nighttime  may  contain  waves  of  a  broad  range  of  temporal  and  presumably  spatial 
scales,  from  periods  of  a  few  minutes  to  oscillations  of  the  entire  boundary  layer  of 
several-hours  period.  The  record  in  Figure  1 1,  from  Hall  (1971),  was  obtained  by  a 
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Fig.  II.  Monostatic  sodar  record  of  large-amplitude  atmospheric  gravity  waves  propagating  in 
the  planetary  boundary  layer.  Possibly,  the  strong  wind  shear  caused  dynamic  instability  at  the  top 
of  the  nocturnal  radiation  inversion,  resulting  in  oscillations  in  the  stable,  cold  air  trapped  below. 
Nonlinear  effects,  discussed  in  Figure  10,  are  apparent  in  some  waves.  For  a  detailed  analysis  of 
this  record,  see  Hooke  et  al.  (1972).  (From  Hall,  1971.) 


monostatic  sodar  observing  such  gravity  wave  structures  in  the  nocturnal  inversion. 
Hall  notes  that  the  strong  wind  shear  at  the  top  of  the  inversion  may  have  induced 
dynamic  instability  in  the  inversion  layer,  resulting  in  oscillations  in  the  stable  cold 
air  below.  Hooke  et  al.  (1972)  have  studied  the  event  in  Figure  11  in  detail  together 
with  concurrent  data  from  a  microbarograph  array  and  have  deduced  the  wave  pa- 
rameters for  some  of  the  oscillations.  The  large-amplitude  oscillations  between  0300 
and  03  30  local  time  display  the  same  shape  as  the  radar-observed  waves  in  Figure  10, 
and  it  appears  probable  that  nonlinear  effects  due  to  the  proximity  of  the  ground  are 
in  play.  Fine  examples  of  this  type  of  nonlinear  wave  have  also  been  observed  by 
McAllister  et  al.  (1969)  in  the  nocturnal  radiation  inversion  using  a  monostatic  sodar. 
These  waves  are  often  seen  as  undulations  in  multiple  lamina  and  we  note  that  the 
radar  return  ordinarily  is  uniform  from  all  phases  of  the  wave,  while  enhancement  at 
crests  and  troughs  would  be  expected  if  dynamic  instability  due  to  self-induced  re- 
duction in  Ri  in  the  trapped  wave  were  responsible  for  the  generation  of  the  back- 
scattering  fine-scale  temperature  variability.  The  question  arises  whether  the  multiple 
lamina  of  enhanced  temperature  variability  often  observed  in  sodar  records  also  are 
manifestations  of  untrapped  gravity  waves  generating  dynamic  instability  in  nearly 
horizontal  equiphase  surfaces,  as  suggested  by  Gossard  et  al.  (1971)  to  explain  multiple 
lamina  observed  by  FM-CW  radar. 
The  FM-CW  radar  record  in  Figure  12,  from  Bean  et  al.  (1971b),  also  displays  non- 
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Fig.  12.  FM-CW  radar  record  displaying  nonlinear  third-order  Stokes  waves  (0810)  followed  by 
returns  from  the  radiation  inversion,  lifting  during  the  morning  hours.  In  addition  to  possible  shear 
instability,  the  small-scale  features  in  the  inversion  surface  are  the  result  of  convective  activity 
modulating  and  lifting  the  inversion  during  the  growth  of  the  well-mixed  layer  below.  Note  also 
large-amplitude  heaving  of  the  entire  inversion  surface  in  several  instances.  (From  Bean  et  al.,  1971b). 


linear  third-order  Stokes  waves,  which  are  followed  by  returns  from  the  radiation  in- 
version, lifting  during  the  morning  hours.  This  record  was  obtained  with  a  mobile 
FM-CW  radar  in  an  experiment  at  Haswell  in  the  high  plains  of  eastern  Colorado, 
where  an  instrumented  150-m  tower  provided  the  opportunity  to  verify  with  excellent 
temporal  and  spatial  correspondence  that  the  radar  returns  outlined  the  rising  tem- 
perature inversion  during  the  convective  expansion  of  the  well-mixed  layer  below. 
Particularly  interesting  in  Figure  12  are  several  instances  of  large-amplitude  heaving 
of  the  entire  inversion  surface.  These  events  appear  as  singular  disturbances  prop- 
agating in  the  boundary  layer  and  have  little  resemblance  to  trains  of  trapped  gravity 
waves. 

The  association  between  lee  waves  and  clear-air  billows  observed  with  the  high 
powered  10.7-cm  Defiford  radar  was  noted  by  Browning  et  al.  (1970).  In  situations 
of  strong  lee-wave  activity,  clear-air  layers  are  relatively  abundant,  although  many 
layers  appear  almost  featureless.  Presumably,  the  coarse  radar  resolution  fails  to 
resolve  small-scale  billow  trains  in  such  layers.  Radar  detects  the  lee  waves  by  observ- 
ing the  distortion  of  clear-air  layers  by  lee-wave  flow,  offering  a  direct  and  elegant 
method  of  observing  three-dimensional  lee-wave  patterns.  Starr  and  Browning  (1972) 
have  exploited  this  for  some  unique  lee-wave  studies.  The  Defford  radar  is  situated 
60  km  east  of  the  lee  slope  of  the  South  Wales  mountains,  a  suitable  location  for 
observation  of  organized  lee  waves.  An  example  of  these  waves  is  shown  in  Figure  13. 
The  RHI  photograph  was  taken  while  the  radar  scanned  toward  270°,  the  upwind 
direction.  Echoes  below  4.5  km  were  mainly  from  clear  air,  those  above  6  km  were 
from  cirrus;  echoes  in  between  had  contributions  from  both  sources.  On  this  occasion, 
two  families  of  lee  waves  existed.  One  family,  with  a  wavelength  of  8-10  km,  had  a 
maximum  crest-to-trough  amplitude  of  only  about  200  m  at  a  height  of  4  km;  this  is 
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Fig.  13.     Photograph  of  RHI  along  azimuth  270    deg  (upwind  direction)  at  1124  GMT  on  1970 

April  15  taken  with  the  10.7-cm  radar  at  Defford,  England.  Note  the  waves  of  rather  large  amplitude 

between  5-  and  7-km  height.  Echoes  above  6  km  are  from  cirrus  particles;  those  below  4.5  km  are 

from  the  clear  air.  (From  Starr  and  Browning,  1972.) 


difficult  to  see  in  Figure  1 3.  The  other  family  of  lee  waves,  with  a  wavelength  of  1 9  km, 
attained  a  maximum  amplitude  of  as  much  as  700  m  at  a  height  of  6-7  km.  Both  the 
short  and  long  waves  maintained  fixed  positions  with  respect  to  the  ground  in  the 
lee  of  the  Welsh  mountains. 

Reed  and  Hardy  (1972)  describe  some  long  waves  which,  in  contrast  to  the  sta- 
tionary lee  waves  observed  by  Starr  and  Browning  (1972),  were  embedded  within  the 
mean  flow.  A  portion  of  one  of  the  waves  is  shown  in  Figure  14.  It  has  a  wavelength 
of  about  30  km  and  a  crest-to-trough  amplitude  of  1.8  km;  other  RHI  photographs 
showed  more  than  one  full  wavelength  of  the  long  wave.  Large  secondary  billows 
(Scorer,  1969b)  formed  in  the  upslope  of  the  long  wave  as  shown  in  Figure  14.  These 
billows  developed  where  the  wind  (increasing  with  altitude)  and  the  tilting  by  the 
wave  together  accentuated  the  vertical  wind  shear  and  induced  dynamic  instability. 
The  billows  have  a  wavelength  of  about  1.6  km  and  a  crest-to-trough  amplitude  of 
about  200  m.  Moderate  to  severe  turbulence  was  encountered  by  a  NASA  T-33  air- 
craft as  it  probed  the  clear-air  wave  patterns  observed  by  the  radar. 

With  regard  to  the  aircraft  turbulence  encountered  within  regions  of  clear-air  radar 
echoes,  various  investigations  have  been  conducted  (Hicks  et  al.,  1967;  Glover  et  al., 
1968,  1969;  Hardy  et  al.,  1969;  Crane,  1970;  Browning  et  al.,  1970;  Boucher  and 
Glover,  1971).  Glover  and  Duquette  (1970)  found  that  all  altitude  intervals  corre- 
sponding to  clear-air  radar  layers  between  0.5  and  15  km,  when  probed  with  fighter 
jet  aircraft,  were  turbulent.  Only  about  12%  of  the  light  or  greater  turbulence  above 
6  km  was  not  detected  by  the  radar. 
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Fig.  14.  Photograph  of  RH1  at  radar  wavelength  of  10.7  cm,  03  32  GMT,  1969  March  18,  azimuth 
270°,  Wallops  Island,  Virginia.  The  wind  and  shear  are  directed  toward  the  left  in  this  photo.  Note 
the  portion  of  the  long  arch  and  the  superposition  of  the  billow  structure.  The  vertical  scale  is  expand- 
ed by  a  factor  of  about  three  and  this  accounts  for  the  seemingly  large  slope  of  the  long  wave.  The 
inset  is  a  tracing  from  the  original  record.  (From  Reed  and  Hardy,  1972.) 


4.3.    WIND  AND  TEMPERATURE  STRUCTURE  IN  THE  OSCILLATING  BOUNDARY  LAYER 

Characteristic  for  the  development  of  radar  and  sodar  probing  and  its  successful  appli- 
cation to  atmospheric  research  have  been  concerted  experimental  investigations  with 
remote  probes  and  in-situ  sensors  for  comparison  and  verification,  and  for  acquisition 
of  complementary  data  for  delineation  of  the  detailed  structure  of  waves  and  tur- 
bulence in  statically  stable  clear-air  layers.  In  this  issue  Browning  et  ai,  p.  91,  and 
Readings  et  ai,  p.  275,  demonstrate  how  tethered  balloons  and  high  powered  pulse 
Doppler  radar  may  be  employed  for  joint  investigations  of  the  turbulent  mechanisms 
in  temperature  inversions  in  the  planetary  boundary  layer.  An  arsenal  of  tools  has 
been  used  for  support  of  fixed  beam,  high  resolution  probing  by  radar  and  sodar, 
including  free  balloons  (Richter  and  Gossard,  1970),  tethered  balloons  (Beran  and 
Clifford,  1972)  instrumented  towers  (Bean,  1971,  1972;  Emmanuel  et  ai,  1972)  and 
aircraft  (Metcalf  and  Atlas,  this  issue,  p.  7).  In  addition,  records  of  wave  perturba- 
tions in  surface  wind  and  microbarograph  pressure  (Gossard  et  ai,  1970),  or  data 
from  microbarograph  arrays  (  Hooke  et  ai,  1 972),  have  been  employed  for  evaluation 
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of  wave  amplitude  and  the  horizontal  phase  speed  and  direction  of  internal  gravity 
waves  observed  in  the  lower  stable  regions  by  FM-CW  radar  and  sodar. 

The  micrometeorological  tower  at  Haswell,  Colorado,  has  been  used  by  Bean  (1971), 
Emmanuel  et  al.  (1972),  and  Emmanuel  (next  issue),  for  comparison  of  sodar  or 
FM-CW  radar  records  with  the  detailed  structure  of  wind  and  temperature  as  ob- 
tained at  fixed  tower  levels  and  by  an  instrumented  carriage  which  travels  the  height 
of  the  150  m-tower.  At  the  start  of  the  monostatic  sodar  record  in  Figure  15,  from 
Bean  (1971),  the  16  °C  isotherm  parallels  the  top  of  the  strong  returns  from  the  noc- 
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Fig.  1 5.  Comparison  of  monostatic  sodar  returns  to  meteorological  fields  determined  at  an  adjacent , 
150  m  high,  instrumented  tower  during  an  event  of  large-amplitude  heaving  of  the  nocturnal  radiation 
inversion.  The  150-m  level  is  the  top  level  marked  in  the  lower  frame  of  the  1-h  record.  Note  how  the 
16°C  isotherm  follows  the  inversion  surface  as  the  wind  slows  down  and  nearly  isothermal  air  slides 
in  from  the  side  during  the  heaving.  (From  Bean,  1971.) 
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turnal  surface  inversion.  During  an  event  of  large-amplitude  heaving,  the  diagram 
illustrates  how  the  entire  surface  inversion  rises  above  the  tower  level  with  the  16°C 
isotherm  following,  and  a  nearly  isothermal,  and  echo-free,  region  developing  below. 
Simultaneously,  the  wind  slows  down  and  the  dramatic  change  in  wind  direction 
reveals  that  the  lifting  of  the  surface  inversion  is  connected  with  an  event  of  cold  air 
sliding  in  from  the  side. 

In.  Figure  16,  from  Bean  et  al.  (1971b),  FM-CW  radar  returns  from  a  temperature 
inversion  are  compared  with  the  profiles  of  temperature  and  horizontal  wind  speed 
(top)  and  with  the  profiles  of  refractive  index  and  refractive-index  variability  (bottom), 
determined  in  the  six  minutes  required  for  the  carriage  to  travel  through  the  interesting 
zone.  The  top  diagram  shows  a  very  strong  temperature  inversion  coinciding  with 
the  strongest  radar  return,  and  a  small  temperature  kink  below  corresponds  to  a 
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Fig.  16.  Comparison  of  FM-CW  radar  returns  from  a  temperature  inversion  with  the  profiles  of 
temperature  and  horizontal  wind  speed  (top)  and  with  the  profiles  of  refractive  index  in  A'-units  and 
refractive-index  variability  (bottom).  Meteorological  profiles  were  obtained  by  an  instrumented 
carriage  travelling  the  height  of  a  150-m  tower  adjacent  to  the  radar.  Two  microwave  refractometer 
cavities  separated  by  20  cm  in  the  vertical  were  used  to  determine  JA/202,  the  refractive-index  vari- 
ability over  20-cm  scales.  Site  elevation  is  1300  m  and  this  dry  morning  temperature  variability 
dominates  the  refractive-index  fluctuations  and  the  radar  return,  while  the  contrary  ordinarily  is  true. 
Note  double  peak  in  radar  return  and  detailed  correspondence  in  profiles.  (From  Bean  et  al.,  1971b.) 
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secondary  echo  maximum.  Some  wind  shear  is  evident  at  the  strong  inversion  but  the 
Ri-profile  appears  erratic.  A  microwave  refractometer  with  two  cavities  was  used  to 
obtain  the  profiles  in  the  lower  diagram  and,  for  the  primary  radar  return  in  particu- 
lar, the  correspondence  with  the  strong  decrease  in  mean  refractive  index  and  with 
the  maximum  in  refractive-index  variability  is  evident.  The  data  in  Figure  16  were 
obtained  during  a  dry  morning  and,  since  the  site  elevation  is  1300  m,  the  temperature 
variability  dominates  the  refractive-index  fluctuations  and  the  radar  returns  for  this 
particular  case,  while  ordinarily  the  contributions  from  water  vapor  variability  will 
be  most  important  in  the  boundary  layer.  Moreover,  Bean  et  al.  (1971b)  have 
compared  the  radar  reflectivities  measured  by  the  FM-CW  radar  and  evaluated  by 
the  refractive-index  variability,  assuming  an  inertial  subrange  for  small-scale  fluc- 
tuations. The  data  were  obtained  in  a  thin  inversion  layer  and  the  two  reflectivities 
showed  excellent  agreement  over  a  range  from  10~15  to  10~13  m_1. 

Richter  and  Gossard  (1970)  have  presented  a  large  amount  of  simultaneous  FM- 
CW  radar  and  radiosonde  soundings  which  also  demonstrate  excellent  agreement 
between  echo  layers  and  refractive-index  gradients,  generally  caused  by  sharp  de- 
creases in  water  vapor  contents.  Evidence  of  enhanced  static  stability  and  some  wind 
shear  is  also  generally  present.  Moreover,  support  for  the  hypothesis  that  untrapped 
gravity  waves  are  responsible  for  the  generation  of  multiple  lamina  has  been  obtained 
from  analysis  of  oscillations  observed  in  the  wind  profiles  (Gossard  et  al.,  1970).  In 
this  issue,  Browning  et  al.,  p.  91.,  and  Readings  et  al.,  p.  275,  use  Doppler  radar 
data  and  fine-scale  measurements  of  wind,  temperature,  and  refractive-index  to 
demonstrate  that  convective  circulations  in  the  boundary  layer  perturb  the  shallow 
inversion  above,  thereby  producing  local  enhancement  of  wind  shear  at  the  crests  of 
hummocks  where  evidence  of  small-scale  K-H  billows  is  obtained  and  absence  of  an 
inertial  subrange  is  indicated. 

Doppler  sodar  data  have  also  proved  to  be  useful  for  delineation  of  flow  confi- 
gurations in  the  stable  boundary  layer,  as  demonstrated  by  Mahoney  et  al.  p.  155, 
and  Beran  et  al.  p.  133,  in  this  issue.  One  example,  from  Beran  et  al.  (1971a),  is 
shown  in  Figure  17  which  displays  the  Doppler-derived  vertical  velocity  field  in  an 
oscillating  nocturnal  inversion.  The  data  were  obtained  by  a  vertically-pointing  mono- 
static  sodar.  An  interpretation  in  terms  of  a  breaking  wave  is  indicated  in  the  derived 
streamline  pattern  at  the  bottom  of  Figure  17.  Possibly,  the  structure  is  the  result  of 
the  development  of  one  single  K-H  vortex  roll. 

Beran  and  Clifford  (1972)  have  established  that  measurement  of  the  horizontal 
wind  with  Doppler  sodar  techniques  is  perfectly  feasible.  In  an  earlier  experiment, 
Beran  and  Willmarth  (1971)  had  demonstrated  that  a  component  of  the  horizontal 
wind  could  be  measured  with  Doppler  sodar  both  in  monostatic  and  bistatic  con- 
figurations. The  winds  in  Figure  18,  from  Beran  et  al.  (this  issue,  p.  133),  were 
obtained  using  three  separate  monostatic  Doppler  sodars  which  allowed  the  total 
wind  vector  to  be  determined.  Figure  18  shows  a  time  section  of  isotachs  for  the  total 
horizontal  wind,  superimposed  on  the  sodar  facsimile  record  obtained  during  an 
oscillating  nocturnal  inversion. 
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Fig.  1 7.  Monostatic  sodar  echoes  and  Doppler-derived  vertical  velocity  field  (top)  under  a  nocturnal 
inversion  exhibiting  oscillations  and  local  overturning.  Contour  interval  is  0.4  ms-1;  velocities 
< 0.8  ms-1,  single  hatching;  <  1.6  ms-1,  double  hatching;  upward  vertical  velocities,  solid  lines; 
downward  vertical  velocities,  dashed  lines.  Derived  streamline  pattern  for  area  boxed  to  the  right  is 
shown  at  the  bottom.  (From  Beran  et  al.,  1971.) 
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Fig.  18.  Time  section  of  isotachs  for  total  horizontal  wind  (ms  ')  superimposed  on  monostatic 
sodar  echoes  from  an  oscillating  inversion.  Winds  were  derived  solely  from  Doppler  sodar  measure- 
ments using  three  separate  monostatic  systems.  From  the  respective  Doppler  frequency  shifts  at  a 
given  level,  radial  velocities  in  three  different  directions  were  obtained,  from  which  the  total  wind 
vector  may  be  synthesized.  All  altitudes  were  monitored  simultaneously  in  a  fixed  beam  configuration. 
With  a  common  volume  only  at  one  altitude,  radial  wind  components  were  obtained  from  horizon- 
tally separated  volumes  and  time  averaging  over  one  minute  was  used  to  reduce  the  effects  of  horizon- 
tal inhomogeneity.  (From  Beran  et  al.,  this  issue,  p.  133) 


5.  Conclusions 

In  the  statically  stable  atmosphere,  overturning  and  turbulence  result  when  the  desta- 
bilizing force  of  vertical  vector  wind  shear  overcomes  the  balancing  influence  of  static 
stability.  Static  stability  is  mainly  determined  by  the  vertical  gradient  of  potential 
temperature  which  tends  to  suppress  vertical  motions  for  potential  temperatures 
increasing  with  height.  Pronounced  vertical  wind  shears  develop  across  quasi-horizon- 
tal strata  of  enhanced  static  stability  which  are  present  in  stably  stratified  air  from  the 
planetary  boundary  layer  throughout  the  troposphere  and  in  the  stratosphere. 
Temperature  inversions  when  probed  in  detail  often  reveal  a  substructure  of  thin 
stratified  lamina,  characterized  by  enhanced  static  stability  and  some  vertical  shear. 
At  the  tropopause,  because  temperature  inversions  are  often  particularly  deep, 
vertically  extensive  zones  of  pronounced  shears  develop.  The  water  vapor  distribution 
is  also  affected  by  the  structuring  of  the  clear  atmosphere  by  wind  and  temperature 
fields.  Differences  in  water  vapor  between  adjacent  air  masses  concentrate  across 
inversion  zones  and  may  exhibit  drastic  contrasts  in  the  lower  atmosphere,  e.g.,  as  in 
the  marine  layer. 
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Local  dynamics  of  the  stable  strata  are  controlled  by  larger-scale  irregularities  in  the 
motion  field.  Accentuation  of  vertical  wind  shear  and  reduction  in  Richardson  number 
to  sub-critical  values  result  when  the  mean  fields  of  wind  and  temperature  in  statically 
stable  shear  zones  are  deformed  in  gravity  waves  and  internal  fronts  (Dutton,  1971 ; 
Dutton  and  Panofsky,  1970).  Evidence  has  been  presented  that  untrapped  gravity 
waves  in  the  lower  atmosphere  may  restructure  shear  and  stability  in  stable  zones  to 
the  point  where  dynamic  instability  occurs  (Gossard  et  ai,  1971).  Untrapped  waves 
with  nearly  vertical  propagation  vectors  in  very  stable  zones  may  be  the  very  generating 
mechanism  for  multiple  layering  wihtin  stable  strata.  Multiple  layers  of  regular 
vertical  spacing  have  been  observed  in  the  marine  layer  with  ultrahigh  resolution 
radar,  presumably  because  dynamic  instability  is  induced  by  the  untrapped  wave  train 
in  several  thin  lamina  which  are  detected  by  radar  due  to  wrinkling  and  breakup  of 
interfaces  with  sharp  gradients  in  water  vapor  and  temperature.  Trapped  internal 
gravity  waves  which  propagate  in  the  stable  boundary  layer  are  seen  as  undulations 
on  the  thin  lamina,  but  self-induced  reduction  in  Ri  at  crests  and  troughs  in  trapped 
wave  systems  is  generally  not  the  cause  of  dynamic  instability  and  enhanced  radar 
reflectivity  in  thin  lamina.  The  trapped  waves  are  seen  by  radar  because  of  the  presence 
of  the  thin,  unstable  lamina,  attributed  to  low-frequency  untrapped  waves.  In  this 
issue,  however,  Gossard  etai,  p.  1 13,  present  some  evidence  also  of  dynamic  instability 
due  to  self-induced  reduction  in  Ri  in  trapped  waves. 

It  has  been  revealed  that  when  the  surplus  shear  (supplied  by  a  wave  for  example) 
upsets  the  balance  in  a  shear  layer,  the  instability  generally  takes  the  form  of  regularly 
spaced  two-dimensional  rolls  of  lateral  extension.  The  configuration  exhibits  the  same 
structural  characteristics  as  billow  clouds.  Thus,  the  overturning  very  much  resembles 
the  dynamic  instability  of  the  K-H  type  which  occurs  within  a  hydrostatically  stable 
flow  with  both  an  inflection  point  in  the  velocity  profile  and  a  sufficiently  strong  vertical 
shear. 

Much  evidence  has  been  gathered  which  indicates  that  these  clear-air  billows  are 
indeed  manifestiations  of  K-H  instability.  Moreover,  their  common  occurrence  in 
shear  layers  of  widely  different  vertical  extension  seems  to  imply  that  K-H  instability 
is  the  dominant  mechanism  responsible  for  the  destruction  of  the  shears  which  are 
concentrated  across  strongly  stable  zones  by  external  processes.  Similarly,  this  in- 
stability of  the  flow  and  the  resulting  intermittent  generation  of  more  random  tur- 
bulence on  a  range  of  smaller  scales  lead  to  vertical  transfer  of  other  properties,  heat, 
humidity,  etc.,  because  the  mixing  strives  to  eliminate  vertical  gradients.  As  a  result, 
gradients  across  the  stable  layer  prior  to  the  event  disappear  in  the  mixing  zone  and 
are  accentuated  at  upper  and  lower  boundaries. 

Also,  the  vertical  wind  shear  will  be  consumed  and  the  turbulence  will  decay  when 
this  energy  source  is  drained.  Simultaneously,  we  must  recognize  the  importance  of  the 
external  condition  which  originally  supplied  the  surplus  shear  and  triggered  the  insta- 
bility. We  may  expect  that  in  highly  dynamical  situations,  the  accentuation  of  shear  is 
sufficiently  violent,  not  only  to  maintain  the  shear  against  erosion  by  turbulence,  but 
actually  to  supply  momentum  at  a  rate  which  exceeds  the  distributing  capability  of  the 
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original  K-H  instability  and  its  trail  of  lesser  vortices.  Indications  from  radar  obser- 
vations are  that  in  such  situations  the  turbulence  escalates,  not  by  expanding  the  origi- 
nal instability,  but  rather  through  initiation  of  a  new  instability  in  the  flow,  also  in  the 
form  of  laterally  extended  rolls  resembling  K-H  instability,  but  now  of  larger  size  in 
order  that  momentum  distribution  at  the  faster  rate  can  be  accomplished.  Sequential 
radar  studies  of  shear  zones  in  a  clear  atmosphere  (Ottersten,  1970a)  have  revealed 
that  turbulence  evolves  by  consecutive  instability  at  successively  larger  scales,  and 
ultrahigh  resolution  radar  data  (Gossard  et  al.,  1971)  support  this  conclusion.  After 
initial  shear-instability  at  small  scales,  the  flow  breaks  down  into  larger  vortices  with 
subsequent  escalation  of  the  turbulence  scale. 

Consecutive  shear-instability  at  successively  larger  scales  implies  a  close  spatial  and 
temporal  connection  between  large-scale  overturning  and  the  generation  of  cm-scale 
refractive-index  variability  responsible  for  radar  and  sodar  echoes.  The  initial  K-H 
instability  over  thin  layers,  sometimes  no  deeper  than  a  few  meters,  together  with 
associated  smaller  vortices  of  more  random  orientation  will  cause  wrinkling  of  the 
stable  stratum  with  deformation  and  break-up  of  gradients.  As  a  result,  a  fine-scale 
refractive-index  structure  with  variability  in  various  directions  will  be  superimposed  on 
the  vertical  gradient  of  the  strongly  anisotropic  mean  field.  This  fine  structure  will 
scatter  microwaves  and  acoustic  waves  in  all  directions.  Since  monostatic  radar  and 
sodar  returns  evidence  no  marked  aspect-sensitivity,  it  appears  that  the  backscattering 
dominates  over  the  partial  reflection  from  the  mean  gradient.  (We  may  expect,  however, 
that  with  increasing  interrogating  wavelength,  or  with  decreasing  scatter  angle  for 
bistatic  probing,  partial  reflections  from  vertical  gradients  in  the  stratified  mean  field 
become  more  substantial.)  If  the  turbulence  escalates  due  to  rapid  shear  accentuation, 
the  fine-scale  refractive-index  structure  from  the  initial  breakdown  will  outline  the 
flow  configuration  when  higher  generations  of  roll-instabilities  develop.  As  a  result, 
the  larger  vortices  are  revealed  on  radar  and  sodar  images  and  it  appears  that  the 
refractive-index  variability  is  enhanced  along  the  rotor  boundaries.  Presumably, 
the  deeper  overturning  accentuates  the  gradients  because  of  deformation  and 
vertical  displacement  of  stream  surfaces.  Also,  there  is  some  evidence  that  smaller, 
secondary  instabilities  develop  locally  along  the  upslopes  of  vortex  rolls  and 
enhance  small-scale  contrasts  by  wrinkling  of  the  interface  with  sharp  gradients  in 
water  vapor  and/or  temperature. 

In  the  statically  stable  planetary  boundary  layer,  high-resolution  remote  probes 
have  cast  some  light  on  the  detailed  breakdown  mechanisms  of  dynamic  instability  as 
well  as  on  the  external  processes  which  are  responsible  for  the  deformation  of  the  wind 
and  temperature  fields,  resulting  in  reduction  of  the  Richardson  number  to  sub-critical 
values.  Some  of  the  observations  in  the  boundary  layer  have  not  yet  received  satis- 
factory explanations,  but  it  appears  that  the  phenomena  which  have  been  identified  and 
much  of  the  analysis  which  they  have  received  also  are  relevant  to  the  processes  in 
play  in  baroclinic  zones  in  the  free  atmosphere,  in  internal  fronts  and  in  mountain 
waves  and  lee  waves.  High-powered  pulse  radars  with  large,  steerable  antennas  have 
provided  some  unique  information  on  waves  and  turbulence  in  stratified  shear  layers 
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in  the  free  atmosphere.  For  continued  exploration  of  these  phenomena  and  for  further 
clarification  of  the  interaction  between  internal  waves,  the  atmospheric  background 
fields  of  wind  and  temperature,  and  dynamic  instability  and  turbulence,  ultrahigh- 
resolution  remote  probes  with  long-range  capability  would  be  of  particular  value.  The 
FM-CW  radar  can  be  developed  into  such  an  instrument  (Richter  etal.,  this  issue,  p.  1 79), 
which  will  be  of  outstanding  value  once  it  can  be  tied  to  a  steerable  antenna  of  good 
angular  resolution.  With  further  development  of  sodar  techniques,  acoustic  echo 
sounding  of  higher  altitudes  may  also  prove  feasible.  Concerted  experimental  investi- 
gatons  with  remote  probes  and  in-situ  sensors  are  necessary  for  further  advances  in 
the  exploration  of  waves  and  turbulence  in  statically  stable  clear-air  layers. 
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ABSTRACT 

A  recent  development  in  radar  sounding  has  made  the  detailed  structure  of  the  troposphere  visible  to 
a  degree  previously  not  approachable.  The  radar  sounder  is  an  FM/CW  system  designed  and  built  by 
Dr.  J.  H.  RICHTER  (1969). 

The  most  outstanding  features  evident  in  the  records  are  internal  gravity  waves,  features  resembling 
Kelvin/Helmholtz  instability  structures,  multiple  layering  often  displaying  lamina  only  a  few  meters 
thick,  and  convection  cells  within  the  marine  layer  (GOSSARD,  RICHTER  and  ATLAS,  1970;  GOSSARD,  JENSEN  and 
RICHTER,  1971). 

Considerable  doubt  has  existed  as  to  Just  what  the  radar  is  "seeing."  It  is  evident  from  the 
records  that  the  returns  come  from  regions  of  large  refractive  index  gradient,  but  whether  the  return  is  . 
backscatter  from  a  thin  region  of  intense,  small  scale  turbulence  (either  'fossil"  or  mechanical)  or 
whether  it  may  include  coherent  partial  reflection  from  gradient  layers  of  refractive  index  remains  a 
question. 

This  paper  shows  a  variety  of  atmospheric  structural  patterns  and  compares  them  with  several  hypo- 
thetical models  of  internal  wave  structures  to  obtain  more  insight  into  the  atmospheric  processes  at 
work.   Special  attention  is  given  to  the  distribution  of  Richardson's  Number  in  trapped  and  untrapped 
gravity  waves.   It  is  concluded  that  the  multiple  layers  result  from  untrapped  internal  gravity  waves, 
whose  propagation  vector  is  directed  nearly  vertically  within  very  stable  height  regions.   The  layers  are 
concluded  to  be  caused  by  Kelvin/Heljnholtz  instability  resulting  from  reduction  in  Richardson's  Number 
due  to  growth  of  the  amplitude-to-wavelength  ratio  as  the  waves  propagate  into  thermally  stable  height 
regions  of  the  atmosphere. 

1.    INTRODUCTION 

Radar  pictures  of  the  structure  of  the  clear  atmosphere  reveal  many  patterns  suggestive  of  some  kind 
of  dynamic  instability.  They  provide  fundamental  new  information  about  the  manner  in  which  turbulence  in 
the  atmosphere  is  created  and  the  role  played  by  thermal  stratification  in  fluid  dynamics. 

Correct  interpretation  of  the  radar  patterns  in  terms  of  atmospheric  motion  and  structure  is  neces- 
sary in  order  to  make  radar  sounding  an  effective  tool  in  weather  forecasting.   The  proper  interpretation 
of  many  patterns  seen,  and  even  the  precise  mechanism  for  reflection  (or  scattering)  of  the  radar  waves, 
remains  in  doubt.   It  is  the  purpose  of  this  paper  to  extend  an  earlier  analysis  (GOSSARD,  JENSEN  and 
RICHTER,  1971 ) (hereafter  referred  to  as  GJR),  to  include  effects  of  finite  amplitude  and  compressibility 
in  the  medium.   In  the  earlier  analysis  GJR  proposed  that  the  mechanism  for  generating  and  maintaining 
thin  regions  of  intense,  small  scale  turbulence  within  thermally  stable  layers  was  the  propagating 
upwards  or  downwards  of  untrapped  gravity  waves.   They  analyzed  the  distribution  of  Richardson's  Number 
through  internal  waves  in  terms  of  wave  structures  seen  by  a  special  high  resolution  radar  sounder 
(RICHTER,  1969). 

Only  the  case  of  infinitesimally  small  amplitude  perturbations  was  considered  by  GJR  in  the  analysis. 
Furthermore,  it  was  pointed  out  that  the  perturbation  wave  equations  are  linear  in  the  variables 

p(z)th.,  p(z)j(u,  v,  w)  and  p(z)~*p  but  they  ignored  the  dependence  of  density,  p,  on  height,  z,  when 
computing  the  distribution  of  Richardson's  Number  within  the  wave.   In  their  notation  u,  v,  w  are  the 
x,  y,  z  components  of  perturbed  velocity,  n.  is  amplitude  of  parcel  displacement  and  p  is  pressure 
perturbation.   As  they  stated,  the  neglect  of  the  height  dependence  of  p(z)  is  permissible  when  the 
Inverse  scale  height,  x  "  -0~  dp/dz  ■  g/c2,  is  negligible  compared  with  the  inverse  vertical  scale,  or 
skin  depth,  of  the  wave  system.   In  other  words,  their  analysis  was  applicable  to  the  usual  wave  systems 
seen  by  the  radar  which  are  confined  to  relatively  thin  height  ranges  in  the  troposphere  in  the  neighbor- 
hood of  temperature  inversions. 

It  is  the  purpose  of  the  present  paper  to  extend  ttfe  earlier  analysis  to  the  case  of  finite  ampli- 
tude and  to  examine  (l)  the  shape  of  the  isotherms  (and  refractive  index  isopleths);  (2)  examine  the 
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effect  of  neglecting  the  height  dependence  of  p(z)  when  taking  the  height  derivatives  required  in  the 
calculation  of  wave  Richardson's  Number. 

Specifically,  the  shape  of  the  isotherms  corresponding  to  Frame  III  of  Figure  3  in  the  GJR  paper 
is  computed  in  order  to  consider  the  question  of  whether  the  radar  is  "seeing"  isopleths  of  perturbed 
refractive  index  within  a  height  gradient  or  some  passive  trace  constituent  carried  with  the  displaced 
parcel  (e.g.,  fossil  turbulence).   Furthermore,  the  Richardson's  Number  within  the  stable  layer  is  re- 
calculated for  a  hypothetical  case  in  which  the  atmospheric  scale  height  is  not  large  compared  with  the 
vertical  scale  of  the  wave  system. 

2.    FINITE  AMPLITUDE  WAVES 

One  classical  approach  to  finite  amplitude  theory  is  the  method  of  successive  approximations  in 
which  a  nonlinear  wave  equation  is  made  linear  by  substitution  of  a  lower  order  solution  in  the  nonlinear 
terms  and  solved.   Equations  corresponding  to  successively  higher  order  solutions  result.  The  sum  of  the 
solutions  describes  finite  amplitude  effects  as  long  as  kn  is  small,  where  k  is  horizontal  component  of 
wave  number  and  n  is  parcel  displacement.  The  lowest  order  of  differential  equation  is  linear  with  the 
usual  small  amplitude  solution.  This  solution  is  introduced  into  the  nonlinear,  next  higher  order 
equation,  etc.  The  method  is  well  described  and  illustrated  by  THORPE  (1968,  page  579).  For  an  incom- 
pressible fluid,  the  method  is  fairly  convenient.  The  most  practical  form  of  the  wave  equation  is  the 
vorticity  equation  in  the  stream  function  x  and  density,  p.  The  form  of  finite  amplitude  solution  which 
results  from  this  approach  will  be  derived  here  assuming  an  incompressible  fluid  and  a  first  order  wave 
perturbation  of  the  form  Xl  *  *y  cos  (kx+nz-ct),  p^  =  pQ  cos  (kx  +  nz  -  0"t)  for  unbounded  waves.  The 

velocity  perturbations,  u,  v  =   3x/3z,  -3x/dx.   The  solution  desired  is  for  the  displacement,  6,  of  the 
surfaces  of  equal  density  in  a  stably  stratified  fluid.  For  infinitesimally  small  amplitude,  the 
solutions  for  both  x  and  1  are  sinusoidal  in  both  x  and  z. 

The  vorticity  equation  is  (see,  for  example,  THORPE,  1968): 


and  the  equation  of  continuity  for  an  incompressible  fluid  is: 

Taking  X  "  OX,  +  <*2X2  ♦  a'x,  •  •  • 

and  p  -  pQ  +  apj  +  a2p2  ♦  a'p,  . . . 

where  the  power  of  a  is  the  indicator  of  order  of  perturbation,  the  successively  higher  order  solutions 
for  x  and  p  are: 

X|  "  ^x  cci  v'.x  <  nz  ■  ot) 

X2  =  Ax  cos  2(kx  +  nz-ot) 

X3  =  Ax   cos  (kx  +  nz  -  ot)   +  6X   cos  3(kx  +  nz  -  at) 


k  df>0 
Pi  =  AY  — - —  cos  (kx  +  nz  -  ot) 
Ai  o  dz 

1  ,    ?A\2  d7p0 
X2dz   W 


Ay — — 1  —  1  cos  2(kx  +  nz  +  const) 


X  =  Xi+X2  +  X3--  (3) 


J*10 
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t 

±    2    dz 

AX2"    4AX| 


d2PQ/k\ 
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•#•)-* 


d4P0 


%  dz" 


di2      4f-)V  +  k2)-N2 
x3~    B     X1PoU/  o2(n2  +  k2)-k2N2 


d3Pn  '  aA 


dz3      4^\2(n2  +  k2).N2 
X3       8     XlpoU/  9cr»(n2  +  k2)-k2N2 


It  is  evident  that  all  the   higher  order  perturbation  terms  in  x  are  multiplied  by  higher  order  derivatives 
of  the  unperturbed  density  profile.     Therefore,  if  p-(z)  is  linear  with  height,  or  perhaps  exponential 
with  a  large  scale  depth,      \(&nd  therefore  the  velocity  field)  is  little  affected  by  nonlinear ity  in  the 
equations  of .motion. 

Our  main  concern  lies  vlth  the  displacement  of  the  density  surfaces,  because  the  same  reasoning 
applies  to  the  displacement  of  potential  temperature  and  of  refractive  index  surfaces.     Expanding  the 
the  density  in  a  Taylor's  series  the  displacement,  6,  of  a  surface  of  constant  density  is  determined  by 

p(t     ♦  6)  -  const  -  p  (z   )  +  6  |£    ♦  1  62  &■    ...  (J,) 

0  o    o  3i         2         3zj 


where 


p(z  J  »  P  (z   )  +  ap  (*   )  ♦  o2P  UJ  ♦  a'p  (z„) 

O  OO  i       O  2       °  |0 


6  «  ai     +  o26     +  a'6 

1  2  I 


Since  the  first  term  in  the  expansion  of  p(z    )  cancels  p  z   : 

o  o  o 
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1  2  I 
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2 

*2  c  *0n  cos  ®'x  +  nz-ot)sin  (fcx+ni  -ol) 


«3  «=  S3,  n2lcos  (kx  +  nz  - ot)  --  ccs3(kx  +  nz  - ot) J  <5) 

6       *j+«2  +  83       /     ,  \ 

—  » =  (1  -  -(ni0V  1  cos  (kx  +  nz  -  ot) 

•o  »0  \    8  / 

■  —nfiQ^n  2(lcx  +  nz-ot)--(nfiQ)3  cos  3(kx  +  nz-at). . . 
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plus  terms  which  are  products  of  d2p  /dz2  or  higher  order.   If  p  (z)  is  exponential,  note  that 
d"p  /dz"  =  (N*/g)k  °  ° 


n  =  I;  V 


N\2 


N 


I  and  • 


I  <P<, 


f-o  ■- 


for  an  incompressible  fluid  (see  ECKART,  i960).  The  above  approach  to  the  problem  of  nonlinear  effects 
is  laborious  and  the  physics  is  obscured  by  the  mechanical  complexity,  so  we  consider  an  equivalent  but 
conceptually  different  approach. 

Suppose  we  consider  only  equations  (U)  and  (2).   Equation  (2)  yields  the  perturbation  equation  of 
continuity  as: 

31  """dz 

where  p  and  w  are  the  perturbed  values  of  density  and  vertical  velocity  and  p  (z)  is  the  unperturbed 
density  distribution.   Noting  that  w  =  dn/dt,  where  n  is  the  parcel  displacement,  and  integrating,  we 
have 

d/>0 
P.Pq »-„--- 


and 


dz      dz      dz  dz       dz  I     3z / 

djp  _  fpo  /  a2,\ 
dz2  "  **  \a,y 


(6) 


(7) 


if  d2pQ/dz2  is  negligible.     Also  the  fluctuations  in  density  at   z     for  small  wave  perturbations  are 
described  by 

dp0     dp0 
P(zq)  -  Pq(zq)  =  t/  — -  =  —  tj0  cos  (kx  +  nz  -  at) 


so  that   (it)  gives 


10  < 


.(!«  +  «-••»-«(» -g)+^fe)H 


(8) 


Dividing  by  l/2(32n/3z2)  gives  an  expression  quadratic  to  this  order;  i.e., 

i/L£].A„..0  (9) 

Expanding,  using  successive  approximations,  and  assuming  n  =  n0  cos  (kx  +  nz  -  at),  we  find 


"0 


=  U-^n2^jcos(k 


x  +  nz  -  at)  --ni?0  sin  2(kx  +  nz  -  ot) 


-(nij0)2  cos  3(kx  +  nz  -  ot) . 


(10) 


This  Is  the  same  as  equation  (5)  to  3rd  order,  where  terms  in  d2p0/dz  have  again  been  ignored,  if  it'  is 
recognized  that  the  1st  order  Isotherm  displacement,  6,,  is  the  same  as  particle 'displacement,  n. 

Two  important  conclusions  can  apparently  be  stated: 

A.  To  this  order,  the  shape  of  the  isopycnals  in  an  incompressible  fluid  are  not  apparently 
affected  by  nonlinearity  in  the  equations  of  motion,  but  only  by  nonlinearity  resulting  from  higher  order 
terms  in  the  Taylor  expansion.  Thus,  other  nonlinear  effects  will  be  quite  negligible  compared  with  the 
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effect  on  snipe.  The  reason  nonlinesxity  in  the  equations  of  motion  is  not  very  important  can  be  seen 
when  written  in  the  form  of  the  vorticity  equation. (l).  The  important  nonlinearity  is  in  the  inertial 
terms,  the  second  and  third  terms  from  the  left.   However,  they  cancel  since 

uA(y2x)+  9  (V2X)  =  ^A(V2X).1XJ>   2x)s!0 
Sx       3x      «z  ox      3x  £: 

Thus,  the  stream  function  X  =  Xi  +  X2  +  X,  •  •  •  =  X-t    to  third  order,  and  departures  from  this  form 
depend  on  second  and  higher  derivatives  or  P0(z)  of  z,  i.e.,  velocity  perturbations  remain  essentially 
sinusoidal. 

B.   If  (A)  is  true  for  an  incompressible  fluid,  it  implies  that  the  linear  form  of  the  solution  for 
the  compressible  case  (for  which  no  comparable  vorticity  equation  can  be  written)  can  be  used  in  the 
Taylor  expansion  to  achieve  a  valid  description  of  the  potential  temperature  isotherms  in  a  compressible 
fluid. 

The  linear  form  of  solution  for  displacement  in  a  compressible  fluid  is 

r,p0(z)1/2  =  i^Po^o)1'2  cos  (kx  +  nz  "  ot)  (1 !) 

for  atmospheric  layers  in  which  the  coefficients  of  the  differential  equations  are  constant;  i.e., 
(g/8)(d9/dz)  =  N2  =  constant,  c  =  constant  and  (2p0)-1  dp0/dz  +  g/c2  =  T  =  constant.  The  density  and 
displacement  amplitudes  are  p0,  n0> respectively,  at  a  reference  level.  9  is  potential  temperature. 

Rewriting  (It)  for  isotherm  displacement 

dftn 


where  to  1st  order 


and 


30   d0o  /    aA 

3z"  dz  \  '  SzJ' 


3^0  _  d*0  32„ 


dz 


(12) 
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Thus,  for  the  compressible  fluid  case,  an  equation  identical  to  (9)  results,  but  n(z)  and  its  derivatives 
now  include  an  additional  dependence  on  z  through  p 0(z)  '   according  to  (11). 

The  isotherm  (or  isopycnal)  displacements  for  the  two  cases  of  incompressible  and  compressible 
fluids  are  shown  by  the  black  curves  in  Figures  1  and  2,  respectively.  The  difference  in  shape  is 
Indistinguishable  to  the  scale  shown.  The  model  for  the  figures  is  a  three-layer  model  in  which  the 
upper  and  lower  fluids  have  small  stability  and  extend  to  infinity.  The  value  for  N  is  constant  and  the 
same  in  the  upper  and  lower  layers  and  greater  in  the  middle  layer.  This  model  was  discussed  in  detail 
by  GOSSARD,  JENSEH  and  RICHTER  (1971)  and  these  figures  correspond  to  their  frame  III,  figure  3.  The 
eigen  equation  for  this  model,  plotted  in  Figure  3,  is: 

tannAh--;— 2 ^-  1 13) 

n2-r2 

where  » 


.->W" 


Note  that  n,. 


The  important  points  to  note  are:  A)  the  wave  troughs  are  sharpened  and  crests  flattened  above  the 
center  of  the  stable  layer.  B)  the  wave  crests  are  sharpened  and  the  troughs  flattened  below  the  center 
of  the  stable  layer.  C)  at  the  center,  both  crest  and  trough  are  flattened. 

For  purposes  of  illustration,  an  amplitude-to-vertical  wavelength  ratio  corresponding  to  nn  =  0.75 
has  been  assumed  in  the  figures.  This  value  was  chosen  as  not  being  so  large  as  to  make  the  approximate 
methods  used  in  calculating  wave  shape  completely  invalid,  while  being  sufficiently  large  that  the 
changes  in  shape  are  visibly  obvious. 

In  addition  to  the  three  layer  model,  the  case  of  untrapped  waves  was  computed  and  is  shown  in 
Figure  U.   In  contrast  with  the  trapped  waves  in  the  model  above,  the  introduction  of  finite  amplitude  now 
leads  to  an  assymetry  in  the  wave  shape  that  is  reminiscent  of  some  of  the  waves  seen  by  the  radar  as 
shown  in  Figure  5-  However,  untrapped  waves  should  exhibit  a  phase  shift  with  height  and  such  a  phase 
shift  is  seldom  seen  by  the  radar.  Therefore,  the  resemblance  in  shape  of  the  waves  in  Figure  k   to  the 
assymetric,  breaking  waves  seen  by  the  radar  should  not  be  interpreted  as  necessarily  providing  the 
correct  physical  explanation  of  the  waves. 
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The  second  mode  waves  for  the  three  layer  model  were  also  computed  and  the  Isotherm  displacements 
are  shown  by  the  thin  wavy  lines  In  Figure  6.  The  displacement  curves  display  a  pattern  reminiscent  of 
the  figure  eight  or  "cat's  eye"  patterns  so  often  seen  by  the  radar  as  shown  in  Figure  T.   Once  again, 
this  is  probably  fortuitous  since  the  patterns  seen  by  the  radar  usually  are  associated  with  a 
breaking  sequence  and  do  not  seem  to  be  typically  a  steady  state  phenomenon. 

» 
3.    RICHARDSON'S  NUMBER 

,  In  addition  to  isotherm  shape,  the  Richardson's  Number  must  be  considered  a  very  important  parameter 
in  the  interpretation  of  the  radar  records.  The  gradient  Richardson's  Number  is  defined  as 


0  3z 


w& 


(14) 


and  is  generally  considered  to  be  an  important  criterion  for  the  onset  of  wave  instability  (breaking)  or 
turbulence.  Work  by  TAYLOR  (1931),  MILES  (1961 ),  MILES  and  HOWARD  (1961t),  and  CHIMONAS  (1970)  indicate 
that  reduction  of  the  Richardson's  Number  to  less  than  0.25  is  a  necessary  condition  for  the  development 
of  wave  instability. 

GJR  proposed  that  the  propagation  of  untrapped  gravity  waves  into  a  height  region  of  large  thermal 
stability  can  reduce  Ri  sufficiently  to  cause  the  onset  of  dynamic  instability  at  the  crests  or  troughs 
of  the  waves,  if  some  shear  already  exists  in  the  propagation  medium.  It  is,  therefore,  argued  that 
many  of  the  thin,  multiple  layers  commonly  seen  by  the  radar  can  be  explained  in  terms  of  untrapped 
gravity  waves  propagating  into  a  height  region  of  great  thermal  stability  as  shown  schematically  in 
Figure  8.  As  the  stability  increases ,  the  wave  vector  tilts  toward  the  vertical  so  that  equiphase 
surfaces  are  nearly  horizontal.  If  the  vertical  energy  flux  is  constant  with  height,  the  ratio  of  ampli- 
tude to  vertical  wavelength,  nn0,  will  increase,  reducing  the  (numerator  of)  Richardson's  Number  to  a 
level  of  dynamic  instability  at  some  phase  of  the  wave.  A  record  which  may  be  an  example  of  this 
phenomenon  is  shown  as  Figure  9. 

From  (12),  it  follows  that  the  numerator  of  (lit)  can  be  written  in  terms  of  the  wave  induced  dis- 
placement n,  as 


g  80 

e  dz' 


dz  y  " bzj 


(15) 


In  order  to  derive  the  relation  between  u  and  displacement,  n,  needed  in  the  denominator  we  require  the 
two-dimensional  equation  of  continuity  for  a  compressible  fluid: 


and  the  1st  Law  of  Thermodynamics : 
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3x  +  3z  "  "p0  ^Dt" +  W~dz~) 

ales: 

Dp^  aP0   l/|\,  i?\ 
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where  D/Dt  is  the  operator  3/3t  ♦  V  3/3x;  p,  p,  w,  u  are  the  perturbed  pressure,  density,  vertical 
velocity  and  horizontal  velocity,  and  pQ,  p,  c  are  the  unperturbed  density,  pressure  and  sound  velocity. 
V  is  the  unperturbed  horizontal  wind  speed. 

Eliminating  p  and  using  the  hydrostatic  relation  3P/3z  ■  -P.g,  (15)  becomes 


9u  9w  g 

—  + -w  = 

3x  3z  A 
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where  p  is  related  to  u  by  the  1st  equation  of  motion.  I.e., 
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Taking  the  partial  of  (18)  with  respect  to  x  we  get 
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For  solutions  of  the  form  F(z)exp[i(kx  -  at)] 
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where  C  =  o/k.   If  we  define  (u,  wjp1'2  =  U,  W,  then 

2w.pWaw  .J_!fo  \ 

3z     P0     ^3Z     2p0  3z     / 

If  we  return  to   (18)  we  get  on  substitution 

Equations    (20)   and   (21)   are  equations  used  by  GOSSARD,  RICHTER,  ATLAS   (1970),   and  GJR.     They  do  not 
include  shear  within  the  medium.      Noting  that  w  =  Dri/Dt  and  assuming  C2  <   <  c2 


2e  - — (—  JL.\  ^5 
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So  that 


K        '    3z 


(24) 


For  untrapped  waves,   a  solution  of  the   form  r\  =  n     cos    (kx  +  nz  -  <jt)  may  be  assumed.     For  the  three- 
layer  model  discussed  above. 


»l  "*0"»(»y-J  **P  IV|(*  + Ah/2)] 

f?2  "  i?Q  co,;  nz 

/   Ah\ 
i?3  -  v0  cos  ^n—  J  exp  [-73(7.  -  Ah/2)J 


(25) 


where  the  subscripts  1,2,  3  apply  to  the  lower,  middle  and  upper  layers  respectively,  and  where  the 
origin  is  chosen  at  the  middle  layer.   The  Richardson's  Numbers  in  Figures  1  and  2  were  calculated  using 
equations  (2l*)  and  (25)  assuming  [N±   0/Y1  3  C]2  =0.25,  nri  =  0.75.  For  Figure  1  it  was  assumed  that 
g/c2  «  3/3z  and  the  effect  of  the  height'dependence  in  P0(z)-1'   on  n.  and  its  derivatives  was  ignored 
(incompressibility  assumption).   Figure  U  shows  the  corresponding  patterns  of  R^  in  untrapped  waves, 
where  Rj  is  represented  by  sloping  straight  lines ;  and  Figure  6  shows  patterns  of  R^  in  2nd  mode  trapped 
waves  where  R^  is  shown  by  heavy  lines. 

If  g/c   is  negligible  the  numerator  and  denominator  of  1.2k)   go  to  zero  together  as  nn.0  ♦  1.0  at  a 
limiting  R^  =  0.5.   Further  increase  in  nnQ  leads  to  negative  R^  which  implies  that  the  wave  can  produce 
super-adiabatic  gradients.   This  is  important  because  it  means  that  the  wave  cannot  reduce  R^  to  the 
level  of  dynamic  Instability,  i.e.,  R^  =  0.25,  but  may,  instead,  produce  convective  instability.   For  the 
case  of  untrapped  waves,  this  might  argue  that  layers  of  convective  instability  and  superadiabatic 
temperature  gradients  as  proposed  by  0RLANSKI  and  BRYAN  (196°)  might  be  observed  instead  of  dynamically 
unstable  lamina  resulting  from  reduced  R^ .   However,  our  balloon  soundings  have  failed  to  detect 
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superadiabatic  temperature  gradients  within  temperature  inversion  layers  [RICHTER  and  GOSSARD,  1970],  and 
OJR  pointed  out  that  the  substructure  revealed  by  the  radar  within  the  lamina  resembles  the  Kelvin/ 
Helmholtz  instabilities  seen  at  larger  scales  and  commonly  attributed  to  dynamic  instability.   When  any 
background  shear  in  the  medium  is  included,  it  is  found  that  the  limiting  R^  =  0.5  no  longer  applies  and 
Ri  decreases  smoothly  to  Rj  =  0.25  as  nn0  increases.   We  therefore  propose  that  dynamic  instability  in 
untrapped  wave  systems,  imbedded  in  a  medium  with  some  shear,  is  responsible  for  the  creation  of  the 
thin  layers  of  turbulent  instability  seen  by  the  radar  within  temperature  inversions. 
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Fig.  1    Plot  of  Rj  (white  curves)  and  wave  shape  (black  curves)  through  a  three-layer  model  wave  system.    Waves 

evanescent  above  and  below  a  stable  layer  in  which  ratio  of  amplitude  to  vertical  wavelength 

is  0.75/2*  (i.e.,  nr)0  =  0.75).    It  is  assumed  that  N2  /N,  3  =  5.5,  n^h/2  =  0.375  and  N,  3  k/con  =  0.5 

(see  text).    Terms  in  g/c  assumed  negligible  compared  with  n  (i.e.,  incompressibility  condition  in 

which  plane  wave  solution  assumed  for  rj).    No  shear. 
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Fig.2    Conditions  same  as  those  of  Figure  1  except  plane  wave  solution  assumed  for  rjp0(z)''2  where  p0"'dp0/dz 
—  g/c2  and  it  is  assumed  that  g/c2  /2n  =  0.1.    Note  that  this  inclusion  of  compressibility  makes 
virtually  no  difference  in  wave  shape  and  little  difference  in  Rj  even  for  the  extreme  condition  assumed. 
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Fig .3    Plot  model  relation,  equation  (13). 
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Fig.4   Wave  shape  and  Rj  for  untrapped  wave  model  assuming  same  conditions  as  in  Figure  2. 
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Fig.5    Example  of  record  showing  similar  wave  shape  to  that  of  Figure  4. 


Fig.6    Wave  shape  and  Rj  for  2nd  mode  assuming  same  model  as  Figure  2. 


420 


23  JUNE       1970 


:o-\i 


1I50 


I  I  55 


1205 


I     HEIGHT 


U) 


TIME     (POST) 


Fig. 7    Example  of  record  showing  "cat's  eye"  pattern  similar  to  wave  shape  of  Figure  6. 
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Fig. 8    Schematic  illustration  of  reduction  in  X,   due  to  untrapped  wave  propagating  into  stable  region  of  atmosphere. 
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Fig.9    Example  of  record  showing  wavelike  structures  which  illustrate  regions  of  reduced  Rj  propagating  in  the 
vertical  (as  well  as  horizontal)  direction  with  untrapped  gravity  waves. 
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Abstract.  An  FM/CW  radar  sounding  system  designed  and  built  by  one  of  us  (Richter,  1969)  reveals 
atmospheric  wave  structure  in  unparalleled  detail. 

The  most  outstanding  features  evident  in  the  record  are ;  internal  gravity  waves ;  features  resembling 
Kelvin/Helmholtz  instability  structures;  and  multiple  layering,  often  with  lamina  only  a  few  meters 
thick. 

This  paper  shows  a  variety  of  atmospheric  structural  patterns  and  compares  them  with  several 
hypothetical  models  of  internal  waves  to  obtain  more  insight  into  the  atmospheric  processes  at  work. 
Special  attention  is  given  to  the  distribution  of  the  Richardson  number  in  trapped  and  untrapped 
gravity  waves.  It  is  proposed  that  the  multiple  layers  result  from  untrapped  internal  gravity  waves 
whose  propagation  vector  is  directed  nearly  vertically  within  very  stable  height  regions.  It  is  argued 
that  the  layers  are  caused  by  dynamic  instability  resulting  from  reduction  in  the  Richardson  number 
due  to  wave  induced  shear  and  to  some  background  wind  shear  when  the  amplitude-to-wavelength 
ratio  grows  during  propagation  into  thermally  stable  height  regions  of  the  atmosphere. 

1.  Introduction 

Radar  pictures  of  the  structure  of  the  clear  atmosphere  reveal  many  patterns  sug- 
gestive of  wavelike  motions  and  of  various  kinds  of  dynamic  instability.  They  provide 
fundamental  new  information  about  the  manner  in  which  turbulence  in  the  atmo- 
sphere is  created  and  the  role  played  by  thermal  stratification  in  fluid  dynamics. 

The  most  common  perturbations  of  the  echo  layers  are  features  with  the  appearance 
of  simple  plane  waves.  They  are  the  phenomenon  causing  the  perturbations  in  surface 
pressure  and  surface  wind  studied  over  the  last  twenty  years  or  more  by  many  ob- 
servers (e.g.,  Stilke,  this  issue,  Gossard  and  Munk,  1954).  Their  main  characteristics 
are  describable  by  linear  theory.  Some  of  these  characteristics  include  their  dispersion 
(Gossard  and  Richter,  1970),  and  their  amplitude  variation  with  height  and  atmo- 
spheric stability  (Gossard  et  al.,  1970).  Their  propagation  velocity  is  generally  very 
different  from  the  local  wind  speed  and  they  often  propagate  against  the  wind,  prob- 
ably because  their  coherence  would  otherwise  be  destroyed  by  some  kind  of  dynamic 
instability  associated  with  a  critical  region. 

Other  kinds  of  structures  commonly  seen  in  the  radar  records  resemble  billows, 
braids  and  cat's  eyes.  There  is  mounting  evidence  (e.g.,  Emmanuel,  next  issue;  Hooke 
et  al.,  next  issue;  Gossard  et  al.,  1970)  that  these  features  travel  essentially  with  the 
mean  wind  at  their  height  of  occurrence  and  represent  some  kind  of  dynamic  insta- 
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bility  in  the  presence  of  vertical  wind  shear.  They  are  probably  not  adequately  de- 
scribed by  linear  theory. 

In  this  paper  we  will  deal  mainly  with  the  first  category  of  wave  phenomenon,  but 
we  suggest  that  under  some  conditions,  these  waves  can  become  dynamically  unstable 
and  the  manifestation  of  this  instability  may  have  the  appearance  of  the  second 
category  above.  We  further  suggest  that  there  is  no  particular  reason  why  natural 
sources  should  only  generate  gravity  waves  in  the  frequency  range  where  they  are 
trapped  (i.e.,  energy  propagating  only  horizontally,  and  waves  evanescent  in  layers 
above  and  below  the  layer  on  which  they  propagate).  If  their  frequency  is  below  the 
Vaisala-Brunt  frequency,  they  will  have  a  component  of  propagation  in  the  vertical 
as  well  as  the  horizontal  direction.  We  believe  such  vertically  propagating  waves 
commonly  exist  in  the  troposphere  and  will  be  found  to  be  an  important  mechanism 
for  the  vertical  redistribution  of  energy  and  momentum.  Through  their  interaction 
with  the  mean  flow,  they  may  under  some  circumstances  influence  the  circulation 
patterns  of  the  lower  atmosphere.  We  believe  that  these  waves  may  be  responsible 
for  the  generation  of  the  more-or-less  periodically-spaced  (in  height)  layers  commonly 
seen  on  the  radar.  This  paper  will  extend  an  earlier  study  by  Gossard  et  al.  (1971), 
hereafter  referred  to  as  GJR,  in  which  they  proposed  that  such  vertically  propagating 
waves,  propagating  into  height  regions  of  stable  temperature  stratification,  would  be 
shortened  sufficiently  to  become  dynamically  unstable  at  their  'crests'  and/or  'troughs', 
thus  producing  layers  of  small-scale  turbulence  seen  by  the  radar.  In  this  paper,  we 
will  extend  the  earlier  analysis  to  include  the  effects  of  weak  non-linearity  on  the 
waves,  and  we  will  take  into  account  the  effects  of  a  weak  background  shear  in  the 
wind  field  in  a  more  rigorous  way.  Using  the  method  of  successive  approximations, 
we  find  that  the  primary  effect  of  the  non-linearity  is  to  change  the  wave  shape  (e.g., 
the  isotherm  shape)  and  that  the  wind  field  is  not  affected  to  first  order  since  its  non- 
linearity  depends  on  the  curvature  of  the  density  (or  potential  temperature)  profile 
which  in  our  model  is  small.  Thus  the  Richardson  number  deviates  little  from  that 
of  linear  theory  even  for  fairly  extreme  non-linear  changes  in  shape. 

2.  The  Richardson  Number 

The  gradient  Richardson  number  Ri  must  be  considered  a  potentially  important 
parameter  in  the  interpretation  of  the  radar  records.  For  flow  in  the  x  direction,  Ri 
is  defined  as 

gd9 

Ri=™L  =  jL  (1) 

'du\2      fdu^2 

dzj        \dz 

and  is  generally  considered  to  be  an  important  criterion  for  the  onset  of  wave  insta- 
bility (breaking)  or  turbulence.  Work  by  Taylor  (1931),  Miles  (1961),  Miles  and 
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Howard  (1964),  and  Chimonas  (1970)  indicates  that  reduction  of  Ri  to  less  than  0.25 
is  a  necessary  condition  for  the  development  of  wave  instability. 

GJR  proposed  that  the  propagation  of  untrapped  gravity  waves  into  a  height  region 
of  large  thermal  stability  can  reduce  Ri  sufficiently  to  cause  the  onset  of  dynamic 
instability  at  the  crests  or  troughs  of  the  waves,  if  some  shear  already  exists  in  the 
propagation  medium.  In  that  paper,  the  wave-induced  shear  in  a  quiescent  medium 
was  simply  added  to  the  mean  shear  to  examine  the  effect  of  shear  on  Ri.  In  the 
present  paper,  this  assumption  is  examined  and  the  problem  of  'background  shear'  is 
treated  with  more  rigor.  It  will  be  found  that  the  results  are  only  slightly  modified, 
and  the  conclusion  that  a  small  background  shear,  in  addition  to  the  wave-induced 
shear,  can  reduce  Ri  to  a  point  of  dynamic  instability,  remains  valid.  It  will  therefore 
be  argued  that  many  of  the  thin,  multiple  layers  commonly  seen  by  the  radar  can  be 
explained  in  terms  of  untrapped  gravity  waves  propagating  into  a  height  region  of 
great  thermal  stability  as  shown  schematically  in  Figure  1.  As  the  stability  increases, 
the  wave  vector  tilts  toward  the  vertical  so  that  equiphase  surfaces  are  nearly  hori- 
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Fig.  1 .     Schematic  illustration  of  reduction  in  Xz  due  to  untrapped  wave  propagating  into  a  stable 

region  of  the  atmosphere. 


zontal.  If  the  vertical  energy  flux  is  constant  with  height,  the  ratio  r\0IXz  of  amplitude 
to  vertical  wavelength  will  increase,  reducing  (the  numerator  of)  Ri  to  a  condition 
of  dynamic  instability  at  some  phase  of  the  wave.  A  record  which  may  be  an  example 
of  nearly  horizontal  phase  surfaces  in  a  wavetrain  propagating  upwards  is  shown 
in  Figure  2.  Exactly  the  same  schematic  picture  applies  to  the  effect  on  waves  propa- 
gating into  a  layer  of  different  wind  speed;  near  a  critical  level,  the  rays  of  energy 
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tend  to  become  horizontal  and,  again,  the  propagation  vector  tilts  toward  the  vertical ; 
the  vertical  wavelength  decreases  and  equiphase  surfaces  become  nearly  horizontal. 
Near  the  critical  level,  the  problem  becomes  mathematically  difficult  and  the  simple 
expressions  from  linear  theory  shown  in  Figure  1  no  longer  apply.  A  treatment  of 
propagation  near  the  critical  level  using  ray  tracing  has  been  given  by  Georges  (1972). 

It  will  also  be  argued  that  the  same  mechanism,  operating  to  reduce  Ri  in  trapped 
wave  systems,  can  explain  some  of  the  characteristic  wave  shapes  commonly  seen  by 
the  radar.  For  example,  the  ejection  of  'puffs'  from  sharp  wave  crests  might  be  ex- 
pected when  the  shear  is  positive  while  ejection  from  sharp  wave  troughs  would  be 
expected  if  the  shear  is  negative. 

If  the  unperturbed  potential  temperature,  60,  varies  linearly  with  height,  the  po- 
tential temperature  distribution  that  results  from  the  wave  perturbation,  rj,  is  related 
to  90  and  rj  as 

dz      dz  \        dz) 

It  follows  that  the  numerator  of  (1)  can  be  written  in  terms  of  the  wave-induced 
displacement  rj,  as 

9dz      6  dz  \       dz)'  [  ) 

In  order  to  derive  the  relation  between  u  and  displacement  needed  in  the  denominator, 
we  require  the  two-dimensional  equation  of  continuity  for  a  compressible  fluid  which 
is 

du      dw  1   /Do         dgn\ 

+  —  = (  —  +  w  —  (4) 

dx      dz  g0  \Dl  dz ) 

and  the  First  Law  of  Thermodynamics : 


Dg         dg0       1   (Dp         dP 

+  w  —  =  -=  ( h  vv  - 

Dt  dz      c2\Dt  dz 


+  w^  =  -2\~  +  w, :_h  (5) 


where  D/D/  is  the  operator  d/dt+  Vd/dx,  p,  g,  w,  u  are  the  perturbed  pressure,  density, 
vertical  velocity,  and  horizontal  velocity,  respectively,  and  £0,  P,  c,  and  V  are  the  un- 
perturbed density,  pressure,  sound  velocity,  and  wind  speed,  respectively. 

Eliminating  q  and  using  the  hydrostatic  relation  dP/dz=  —g0g,  Equation  (4)  be- 
comes 

du      dw      g  1     Dp 

dx      dz      c2  W  ~       g0c2  Dt 

The  pressure  p  is  related  to  u  by  the  first  equation  of  motion,  i.e., 

Du  1  dp 

Di  =  ~'g0dx,  (7) 
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D2u 


1    D  /dp 


Dt2  g0Dt\dxy 

Taking  the  partial  of  (6)  with  respect  to  x,  we  get 


d? 


1    D2 


'\ 


dw 


lJdx 


(8) 


For  solutions  of  the  form  F(z)  exp\_i(kx— ot)~\,  we  get 

{a2-k2c2)u=-ikc2(^-^ 
\dz      c 

so 


u  = 


k  1- 


c 


dz 


where  C=<r/k.  If  we  define  (w,  w)  q1/2  =  U,  W,  then 

1     CQ0 


(9) 


=  00 


w 


cz  \  cz       2q0  dz 

If  we  return  to  (9),  we  get  on  substitution 

i  /  d 


U  = 


k    \ 


C2\  \dz 


-r\w 


(10) 


where  r  =  \ql112  dg0/dz  +  g/c2. 

Equations  (9)  and  (10)  are  equations  used  by  Gossard  et  al.  (1970),  and  GJR.  They 
do  not  include  shear  within  the  medium.  Noting  that  w  =  Dr]jDt  and  assuming  C2^>c2 


so  that 


du      a  /  d 
dz~k  \dz  ' 

g\dn 

'  c2)dz' 

.,   "» 

1-* 

dz 

(11) 


c 


\(--gAd"\ 

[_\dz     c2)  dz] 


(12) 


Ri,  from  this  equation,  is  plotted  as  the  white  curves  in  Figure  3  for  a  three-layer 
model. 

For  the  three-layer  model  of  Figure  3,  the  upper  and  lower  fluids  have  relatively 
small  stability  and  extend  to  infinity.  The  thickness  of  the  stable  layer  is  Ah.  N  is 
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Fig.  3.  Plot  of  Ri  (white  curves)  and  wave  shape  (black  curves)  through  a  three-layer  model  wave 
system.  Waves  evanescent  above  and  below  a  stable  layer  in  which  ratio  of  amplitude  to  vertical  wave- 
length is  0.75/2tt (i.e.,  nrjo  =  0.75).  It  is  assumed  that  M/A/i, 3  =  5.5,  nAhj2  =  0.375  and  Ni,3  k/con  =  0.5. 
The  slight  asymmetry  of  Ri  at  crest  vs.  trough  is  caused  by  the  fact  that  nocc(Q(^)lQ)~1/2,  thus  in- 
fluencing derivatives  of  ij  with  z. 


constant  in  each  layer  and  is  the  same  in  the  upper  and  lower  layers.  The  eigenvalue 
equation  is 

2ny 


where 


tan  nA  h  = 


n,  =  k 


2  2  ' 

n   —  y 


iV. 


ri.»-*Ji 


Nl.3 

a 


(13) 


(14) 
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Note  that  nK  =  iyK  in  a  layer,  k,  in  which  the  waves  are  evanescent.  Equation  (13)  is 
plotted  in  Figure  4. 
The  first-order  particle  displacements  in  the  three  layers  of  this  model  are 


ij,  =  n0cosin  —  )exp[>1(z  +  Ah\2)\ 

I2  =  1o  cos  nz 

rj3  =  r\Q  cos  in  —  )  exp  [  -      ( :         hj   ) 


(15) 


where  a  factor  of  cos{kx— at)  is  understood.  The  corresponding  isotherm  displace- 
ments, S,  are  of  the  form 


<5o 


-  =  aK  +  bK  cos (kx  —  at)  +  cK  cos 2 (kx  —  at)  +  dK  cos 3 (kx  —  at)..., 


(16) 


where  <50  =  rj0  is  the  amplitude  of  the  first-order  isotherm  displacement  at  a  reference 


MODE  3 


n  dh 
2 

Fig.  4.     Plot  of  modal  relation,  Equation  (13). 
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height  within  the  layer.  The  coefficients  are  evaluated  for  finite  amplitude  by  the 
method  of  successive  approximations.  The  procedure  is  straightforward  but  laborious 
and  is  described  elsewhere  (Gossard  and  Richter,  1972).  The  general  method  is  thor- 
oughly reviewed  by  Thorpe  (1968,  p.  584).  The  isotherm  displacements  are  indicated 
by  the  dark  curves  of  Figure  3  and  show  the  well  known  sharpening  of  crests  below 
the  stable  region  and  sharpening  of  the  troughs  above.  The  wave-induced  pattern  of 
Ri  calculated  from  Equation  (12)  is  shown  by  the  white  curves.  The  pattern  for  the 
second  mode  is  shown  in  Figure  5,  and  is  of  interest  because  of  its  similarity  in  ap- 


Fig.  5.     Wave  shape  (light  curves)  and  Ri  (heavy  curves)  for  2nd  mode,  assuming  same  model  as 

Figure  3. 


pearance  to  the  'cat's-eye'  pattern  (see  Figure  6)  so  often  seen  in  the  records.  This 
similarity  is  probably  accidental,  since  the  'cat's  eye'  often  seems  to  appear  as  a  stage 
in  a  developing  sequence  of  dynamic  instability  as  shown  in  Figure  7.  For  untrapped 
waves,  we  assume  a  first-order  displacement  of  the  form  n  =  r\0  cos  (kx  +  nz  —  at )  and 
the  isotherm  displacement  is  then  given  by 

<5 

—  =  b  cos  (kx  +  nz  —  at)  +  c  sin  2  (kx  +  nz  —  at)  + 


+  d  cos  3  (kx  +  nz  —  at) 


(17) 


The  constant  term  is  absent  and  the  isotherm  displacement  is  no  longer  symmetrical 
about  crest  and  trough  as  shown  in  Figure  8.  The  dark  sloping  lines  are  isopleths  of 
Ri.  The  crucial  wave  parameter  is  nr\0  which  is  the  ratio  of  wave  amplitude  to  vertical 
wavelength  multiplied  by  2n.  For  layers  in  which  the  waves  are  evanescent,  the  corre- 
sponding ratio  is  amplitude  to  skin  depth  of  the  layer.  A  value  of  nn0  =  Q.15  was 
chosen  for  the  figures.  This  value  was  chosen  as  a  compromise  between  values  so 
large  that  convergence  of  Equations  (16)  and  (17)  to  third  order  would  be  quite  un- 
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Fig.  7.     A  breaking  wave  sequence  that  probably  pictures  the  morphology  of  the 
formation  of 'cat's-eye'  patterns  and  'braided"  structures. 
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Wave  shape  and  Ri  for  untrapped  wave  model  assuming  same  conditions  as  in  Figure  3. 


satisfactory  and  values  so  small  that  patterns  in  wave  shape  and  Ri  would  not  be 
clear.  The  effect  of  non-linearity  on  the  velocity  field  turns  out  to  be  small,  appearing 
only  in  higher-order  terms  depending  on  curvature  of  the  density  (or  potential  tem- 
perature) profile. 

If  g/c2  is  negligible,  the  numerator  and  denominator  of  Equation  (I  2)  go  to  zero 
together  as  ni/0-»  1 .0  at  a  limiting  Ri  =  0.5.  Further  increase  in  nr\0  leads  to  negative 
Ri  which  implies  that  the  wave  can  produce  superadiabatic  gradients.  This  is  im- 
portant because  it  means  that  the  wave  cannot,  without  shear  in  the  background 
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flow,  reduce  Ri  to  the  level  of  dynamic  instability,  i.e.,  Ri=0.25,  but  may,  instead, 
produce  convective  instability.  Although  Equation  (12)  is  rigorously  applicable  only 
to  infinitesimal  amplitude  disturbances,  this  might  argue  that  layers  of  convective 
instability  and  superadiabatic  temperature  gradients  might  be  observed  instead  of 
dynamically  unstable  lamina  resulting  from  reduced  Ri.  However,  our  balloon  sound- 
ings have  failed  to  detect  superadiabatic  temperature  gradients  within  temperature 
inversion  layers  (Richter  and  Gossard,  1970)  even  though  the  rate  of  ascent  and  the 
time  constants  of  the  sensor  should  permit  good  representation  of  any  layers  more 
than  10  m  thick.  Even  more  importantly,  the  substructure  revealed  by  the  radar 
within  the  lamina  resembles  the  Kelvin/Helmholtz  instabilities  seen  at  larger  scales 
and  commonly  attributed  to  dynamic  instability.  When  any  ambient  shear  in  the 
medium  is  included,  it  will  be  found  that  the  limiting  Ri=0.5  no  longer  applies  and 
Ri  decreases  smoothly  to  Ri =0.25  as  nr\0  increases.  We  therefore  propose  dynamic 
instability  in  untrapped  wave  systems  imbedded  in  a  medium  with  some  shear,  to  be 
responsible  for  the  creation  of  the  thin  layers  seen  by  the  radar  within  temperature 
inversions. 

3.  Effect  of  Wind  Shear  on  Ri 

In  this  section,  the  effect  of  vertical  shear  in  the  medium  on  the  wave-induced  pattern 
of  Ri  is  examined.  The  effect  of  shear  on  wave  shape  is  ignored.  This  places  restrictions 
on  the  model  which  will  be  discussed  later,  but  the  model  is  clearly  not  applicable 
near  the  critical  level. 

Consider  the  total  wind,  UT,  to  consist  of  a  background  component  U(z)  in  the  x 
direction  and  a  wave-induced  component,  u.  Returning  to  Equation  (6)  and  defining 
as  before  D/Dt=ik  (U—a/k),  we  find 


i  dw 

u  = + 

kdz 


-\\j-U(z)]p--^W.  (18) 

q0c   [k  J         kc 


Using  the  first  equation  of  motion,  as  before,  we  find 

fa  \         i  dU(z) 

P  =  Qo(t-V  (z)J  u  +  -  -^  6ow .  (19) 

Eliminating  p  from  (18) 


k  1  (a 

?[k 


To  relate  u  to  t],  note  that 

Drj  f  a 


.--■-ft  li/w-  -|, 
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and 


Finally 


dw 
dz 


ffldrj      dU(z) 


Z-*{a<*-iiz* 


u  =  — 


B-H 


i  - 


dz 


V(z)- 


2/1  +  1 

dz      c 


dU(z) 


dz 


U(z) 


For  the  slow  class  of  waves  (a/k—U(z))2<£c2,  and  the  total  wind 

8U  (z) 

~az~ 


l/TSl/(z)+    -- 


M( 


dz      c 


(21) 


(22) 


Then 


dz~ 


ol/(z) 


dz  +  c2 


1-2/+^)  + 


[r™] 


a2^    a2i/(z)  ^2 
-r-ii 


<3z 


5z2 


Assuming  no  curvature  in  the  profile  of  U(z)  and  letting  a>/k  =  (a/k  —  U),  where  o)  is 
the  wave  frequency  noted  by  an  observer  drifting  with  the  wind,  and  assuming 
g/c2<d/dz  as  in  GJR  (1971),  we  have 


1  - 


Ri  =  R, 


dr, 

dz 


CO 


-12' 


1  -2-  +  —  — 
dz     dV  dz2 


(23) 


dz        J 

where  RL  =  A^02/(dc7/dz)2. 

By  contrast,  the  corresponding  GJR  (1971)  expression  was 


1  - 


Ri  =  RL 


°1 

dz 


CO 


1  + 


k    d2t] 


R, 


dr, 

dz 


1  —  nr\ 


n    N2 


a> 


dl/N: 
dz 


dl/x: 
dz 


1/2 


(24) 


dt/dz2 
dz"       . 

which  assumed  the  background  shear  and  wave-induced  shears  were,  in  effect,  inde- 
pendent. The  difference  in  the  two  expressions  turns  out  to  be  minor  and  a  plot  of 
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nr^      50.. 


dri       k     d-n 

1  -2  —  + 

3z      dU    gz2 

dz 


where  RL  =  Ng/(dU/dz)-. 


Fig.  9.     Effect  of  shear  on  minimum  Ri.  Plot  of  nijo  vs.  /?/  of  unperturbed  layer  for  condition  that 

minimum  i?/'  =  0.25.  See  Equation  (23). 


RL  vs.  nr]0  is  shown  in  Figure  9  for  the  condition  that  /?z'  =  0.25.  In  the  figure,  it  has 
been  assumed  that  solutions  of  the  form  r\  —  r}0  cos(kx+nz  —  ot)  apply.  The  form  of 
the  wave  equation  (with  shear)  shows  that  this  solution  is  applicable  away  from  the 
critical  level  for  layers  in  which  N/(U— a jk)  =  const.,  or  for  layers  in  which  the  wind 
shear  is  small  (then  small  RL  implies  small  thermal  stability).  Nearer  the  critical  level, 
the  appropriate  solution  has  a  height  dependence  given  by  Bessel  functions  of  order 
(i-RL)1/2  (see  Taylor,  1931). 

Aside  from  the  mathematical  and  physical  complexity  associated  with  the  critical 
level,  it  may  be  concluded  that  the  influence  of  background  shear  is  mainly  to  enhance 
the  reduction  of  Ri  at  some  phase  of  the  wave,  and  permit  the  onset  of  dynamic 
instability  which  may,  in  the  case  of  untrapped  waves  propagating  into  a  stable  layer, 
produce  lamina  of  intense,  small-scale,  turbulence-like  structures.  Although  the 
above  theoretical  development  is  based  on  small-amplitude  theory,  while  the  actual 
calculations  of  Ri  are  based  on  a  ratio  of  vertical  wavelength  to  amplitude  equal  to 
about  8.4  (i.e.,  nj/0  =  0.75),  we  believe  the  calculated  patterns  to  be  essentially  correct. 

The  distribution  of  Ri  within  the  stable  layer  corresponding  to  Figures  3  and  8  is 
shown  in  Figures  10  and  11  with  positive  wind  shear  included  such  that  RL  =  2.0. 
Figure  1 1  illustrates  the  proposed  mechanism  of  formation  of  nearly  horizontal  layers 
of  reduced  Ri  created  by  untrapped  waves.  If  nr\0  had  been  assumed  to  be  0.9  instead 
of  0.75,  Ri  would  have  been  reduced  to  0.25  at  the  crest  or  trough,  depending  on 
whether  d  U/dz  was  positive  or  negative. 

The  radar  records  have  so  far  failed  to  reveal  any  important  intensification  of  the 
echo  near  the  crest  or  trough  of  trapped  gravity  waves.  This  lack  of  correlation  of 
intensity  with  phase  of  the  sinusoidal  fluctuations  in  layer  height  is  illustrated  in 
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Fig.  10.     Ri  trapped  waves.  Same  conditions  as  Figure  3  but  assuming 
positive  wind  shear  with  Rl  =  2.0.  (Middle  layer  only). 
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Fig.  11.     Ri,  untrapped  waves.  Same  conditions  as  Figure  7  but  assuming 
positive  wind  shear  with  Rl  =  2.0. 


Figure  12.  The  top  frame  of  the  figure  shows  the  familiar  thin  lamina  commonly 
revealed  by  the  radar  which  are  here  attributed  to  low-frequency,  untrapped  gravity 
waves.  These  layers  are  perturbed  in  a  more-or-less  sinusoidal  way  by  trapped,  higher 
frequency  gravity  waves.  In  the  lower  frame,  the  same  record  is  shown  at  reduced 
film  exposure  in  order  to  reveal  the  braided  fine  structure  of  which  the  echo  layers  are 
composed.   If  the  braiding  were  caused  by  instability  resulting  from  self-induced 
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Fig.  12.     Top  frame  shows  gravity  waves  in  which  radar  return  is  apparently  not  phase-related. 
Bottom  frame  shows  same  record  with  reduced  film  exposure  and  reveals  Kelvin-Helmholtz  sub- 
structure which  apparently  accounts  for  the  radar  return.  Sloping  straight  lines 
are  captive  balloon  echoes. 
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Fig.  13.     Record  that  may  illustrate  the  condition  of  Figure  10  for  positive  wind  shear.  Double  trace 

at  lower  right  is  captive  balloon  echo. 
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reduction  of  Ri  in  the  trapped  waves,  it  would  be  expected  that  these  features  would 
appear  at  the  crests  or  at  the  troughs  depending  on  the  sign  of  the  vertical  wind  shear. 
Although  the  radar  records  may  show  some  slight  enhancement  of  echo  intensity  at 
the  crests,  it  is  evident  that  the  braiding  occurs  over  the  whole  wave,  regardless  of 
phase.  We  therefore  interpret  this  phenomenon  to  be  produced  by  the  untrapped  wave 
effect  which  we  suggested  above  to  be  a  possible  mechanism  for  the  formation  of  the 
(turbulent?)  lamina  producing  radar  return.  The  horizontally  propagating  waves 
merely  cause  sinusoidal  perturbations  of  these  layers. 

On  the  other  hand,  many  large-scale,  horizontally  propagating  waves  show  a 
'breaking',  which  gives  them  an  appearance  similar  to  that  of  the  fine-scale  structures 
of  Figure  12.  Examples  are  shown  in  Figures  13  and  14.  These  figures  often  display 
ejection  of  plumes,  or  breaking  at  sharp  crests  or  at  troughs,  respectively.  Although 
the  process  is  too  complicated  for  easy  interpretation,  it  seems  likely  that  it  is  this 
characteristic  which  represents  the  effect  of  self-induced  reduction  in  Ri  within  trapped 
waves.  If  this  is  the  case,  the  pattern  breaking  upward  may  be  an  indication  of  positive 
wind  shear  and  that  breaking  downward  may  indicate  negative  shear.  This  hypothesis 
can,  and  should,  be  verified  experimentally.  In  practice,  wind  soundings  are  rarely 
obtained  during  an  appropriate  event  because  of  their  transient  nature. 

4.  Conclusions 

Wind  shear  evidently  plays  an  important  role  in  the  kind  of  atmospheric  wave  motion 
revealed  by  high  resolution  radar.  Self-induced  reduction  in  Ri  by  the  waves  together 
with  shear  in  the  medium  can  account  for  most  of  the  observed  patterns.  The  lamina 
revealed  by  the  radar  are  tentatively  attributed  to  untrapped  gravity  waves  propaga- 
ting into  statically  stable  height  regions  in  the  presence  of  vertical  shear  in  the  mean 
flow. 
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Abstract.  Observations  of  a  single  boundary-layer  event  -  the  generation  of  an  atmospheric  gravity 
wave  by  an  unstable  shear  flow  at  Haswell,  Colorado  on  November  12,  1971  -  are  briefly  described 
and  discussed.  The  observations  were  made  using:  (a)  an  acoustic  echo  sounder,  (b)  anemometers 
mounted  at  two  fixed  levels  on  a  1 50-m  tower,  (c)  an  anemometer  and  a  thermometer  mounted  on  a 
movable  carriage  on  the  tower,  and  (d)  a  microbarograph  array,  including  one  microbarograph 
mounted  atop  the  tower.  The  wave  phase  velocity  (~  3.5-4.0  m  s-1)  was  found  to  equal  the  wind 
velocity  in  the  middle  of  the  shear  flow,  as  assumed  by  other  authors.  The  wave-associated  vertical 
fluxes  of  momentum  and  energy  measured  just  above  the  wave  critical  layer  were  estimated  to  be 
~  —  5  dyn  cm-2  and  ~  800  erg  cm-2  s_1,  respectively.  These  are  large  values.  The  annual  average 
vertical  flux  of  momentum  at  temperate  and  high  latitudes  is  ~  0.25  dyn  cm  2,  while  the  average 
kinetic  energy  dissipation  rate  in  a  unit  column  of  atmosphere  is  ~  5  x  103  erg  cm-2  s_1.  If  the  region 
of  wave  generation  was  itself  propagating  horizontally,  its  propagation  velocity  was  large  compared 
with  the  horizontal  phase  speed  of  the  small-scale  waves  generated.  Wave  generation  appeared  to 
occur  over  an  area  large  compared  with  the  size  of  the  microbarograph  array  (i.e.,  g>  2  km). 

1.  Introduction 

Recently,  Emmanuel  and  co-workers  (Emmanuel,  1973;  Emmanuel  etal.,  1972)  have 
reported  observations  of  gravity- wave  generation  by  shear  instability  in  the  boundary- 
layer  flow  at  Haswell,  Colorado,  during  October  of  1969.  They  used  an  acoustic 
echo-sounder  and  a  150-m  tower  instrumented  with  bivane  anemometers  and  tem- 
perature sensors  mounted  at  several  fixed  levels  and  on  a  movable  carriage.  By  as- 
suming that  the  wave  phase  velocity  was  equal  to  the  wind  velocity  in  the  middle  of 
the  shear  layer,  they  found  that  the  observed  horizontal  wavelengths  were  in  agreement 
with  those  predicted  theoretically  by  Drazin  (1958)  and  a  number  of  later  workers. 
In  the  present  note  we  describe  the  observation  of  a  similar  event  at  Haswell  in  the 
fall  of  1971.  As  before,  the  event  was  observed  using  an  acoustic  echo-sounder  and 
an  instrumented  tower.  This  time,  however,  we  supplemented  the  anemometers  and 
thermometers  with  a  microbarograph  atop  the  tower  and  a  ground-based  micro- 
barograph array.  We  were  thus  able  to  measure  directly  the  wave  phase  velocity  and 
the  wave-associated  vertical  fluxes  of  energy  and  horizontal  momentum  at  the  top 
of  the  tower,  just  above  the  height  of  wave  generation.  In  the  next  section,  we  describe 
the  observations  of  the  boundary-layer  wind  and  temperature  profiles  and  the  wave- 
associated  pressure  and  wind  fluctuations.  We  use  these  data  to  show  that  the  bound- 
ary layer  was  dynamically  unstable  at  the  height  of  the  observed  wave  generation, 
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to  determine  the  wave  parameters,  and  to  estimate  the  wave-associated  vertical  fluxes 
of  energy  and  horizontal  momentum.  In  the  third  section  we  present  the  data  from 
the  ground-based  microbarograph  array. 

2.  Acoustic  Echo-Sounder  and  Tower  Observations 

The  experimental  configuration  is  shown  schematically  in  Figure  1.  The  acoustic 
echo-sounder,  a  second-generation  version  of  the  one  used  in  the  1969  experiments, 
was  located  at  the  point  marked  A.  Sensors  on  the  movable  carriage  provided  the 
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Fig.  1.  The  experimental  configuration  of  the  1971  Haswell  experiment.  The  acoustic  echo-sounder 
was  located  at  the  point  marked  A.  The  instrumented  tower  was  located  at  the  point  marked  T. 
Microbarographs  were  located  at  the  three  points  marked  M,  as  well  as  at  the  top  of  the  tower. 


wind  and  temperature  profiles  used  to  determine  the  Richardson  number  of  the  flow; 
only  the  1 50-  and  2-m  levels  of  the  tower  (marked  T)  were  instrumented.  There  were 
no  instruments  at  intermediate  fixed  levels,  as  had  been  the  case  at  Haswell  in  1969 
(the  1971  experiment  was  in  support  of  electromagnetic  wave-propagation  tests,  with 
the  boundary-layer  studies  given  a  lower  priority);  this  proved  to  be  unfortunate  for 
reasons  discussed  later.  Three  microbarographs  were  located  at  the  positions  marked 
M;  a  fourth  was  installed  atop  the  tower. 

The  acoustic  echo-sounder  was  operated  in  a  monostatic,  or  backscatter,  mode 
with  the  antenna  beam  directed  vertically.  The  sounder  data  were  stored  on  facsimile 
records  and  on  magnetic  tape,  so  that  the  Doppler  shift  in  the  echo  returns  resulting 
from  wave-associated  vertical  winds  above  the  sounder  could  be  measured  in  the 
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manner  described  by  Beran  et  al.  (1971);  however,  the  Doppler  data  have  not  yet 
been  analyzed.  The  microbarograph,  anemometer,  and  thermometer  data  were  also 
recorded  on  magnetic  tape,  as  well  as  on  paper  strip  charts. 

The  event  to  be  described  here  occurred  during  the  evening  of  November  12,  1971. 
The  acoustic  echo-sounder  facsimile  record  for  this  interval  is  shown  in  Figure  2. 
Wave  generation  occurs  between  1710  and  1730LT  as  evidenced  on  the  facsimile 
record  by  the  braided  (or  breaking  wave,  or  cat's-eye)  structure  characteristic  of  this 
type  of  event  (McAllister  et  al.,  1969;  Gossard  et  al.,  1970;  Emmanuel  et  al.,  1972); 
the  wave  period  is  ~  100  s.  The  raw  microbarograph  and  anemometer  records  from 
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Fig.  2.     The  acoustic  echo-sounder  facsimile  record  for  1700-1800  LT,  Nov.  12,  1971.  Dark  areas  of 
the  plot  represent  height-time  intervals  of  strong  echo  returns.  The  event  of  interest  is  the  breaking- 
wave  structure  evident  between  1710  and  1 730  LT  at  heights  between  80  and  150  m.  The  wave  period 
deduced  from  this  record  and  the  tower  data  was  £  100  s. 


atop  the  tower  (z=  150  m)  are  shown  in  Figure  3a;  the  100-s  period  wave-associated 
wind  and  pressure  fluctuations  are  several  times  greater  than  the  fluctuations  in  wind 
and  pressure  occurring  before  and  after  the  event.  Also  shown  in  Figure  3a  is  the 
elevation  angle  of  the  surface  wind,  as  recorded  by  an  anemometer  mounted  at  the 
2-m  level  of  the  tower;  it  is  included  to  show  that  the  turbulence  intensity  in  the 
surface  boundary  layer  is  considerably  enhanced  during  the  period  of  gravity-wave 
generation. 

The  movable  carriage  on  the  tower  yielded  two  wind  and  temperature  profiles 
during  this  event,  shown  in  Figures  4  and  5.  (Noise  from  the  hoist  motor  shows  as 
an  increase  in  facsimile  darkness  in  Figure  2.)  Each  carriage  traverse  of  the  tower 
requires  roughly  ten  minutes,  compared  to  the  wave  period  of  100  s;  thus  the  profiles 
may  hardly  be  considered  instantaneous,  and  most  of  the  detailed  height  structure 
they  reveal  is  in  fact  temporal  variation.  Nevertheless,  the  carriage  data  do  suggest 
that  the  boundary-layer  flow  between  the  surface  and  the  top  of  the  tower  divides 
rather  naturally  into  three  regions:  a  shear  zone  between  0  and  44  m,  which  might 
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Fig.  3a.  Raw  microbarograph  and  anemometer  records  from  the  top  of  the  150-m  tower,  showing 
the  large-amplitude  perturbations  in  pressure  and  horizontal  and  vertical  velocities  accompanying 
the  wave-generation  event  observed  by  the  acoustic  echo-sounder.  The  elevation  angle  of  the  surface 
wind  recorded  at  a  height  of  2  m  is  also  shown,  to  indicate  that  the  wave  generation  was  accompanied 
by  an  increase  in  the  turbulence  intensity  of  the  surface  boundary  layer. 
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perhaps  be  identified  as  the  surface  boundary  layer,  a  region  of  roughly  constant  wind 
speed  between  44  and  100  m,  and  a  second  shear  zone  between  100  and  150  m.  By 
averaging  the  two  carriage  traverses,  we  obtained  the  mean  Richardson  number  Ri 
for  each  of  the  three  boundary-layer  regions;  these  are  indicated  in  Figure  5.  The  very 
small  values  of  Ri  in  the  two  shear  zones  suggest  that  the  flow  in  the  upper  region  was 
very  probably  dynamically  unstable  and  that  the  surface  boundary-layer  flow  was 
at  least  intermittently  so. 

The  wave-associated  fluctuations  in  wind  speed  and  direction,  as  measured  at  the 
fixed  level  atop  the  tower,  can  be  used  to  determine  the  direction  of  wave  propagation 
(e.g.,  Gossard  and  Munk,  1954)  and  the  results  are  shown  in  Figure  6.  The  wave 
propagation  direction  is  found  to  be  perhaps  5-15°  different  from  the  wind  direction 
in  the  shear  zone.  At  present,  we  are  unable  to  say  whether  this  difference  between 
the  two  directions  is  significant,  since  there  is  a  great  deal  of  variability  in  the  apparent 
direction  of  wave  propagation,  and  since  the  tower  produces  perturbations  in  the 
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Fig.  3b.     Microbarograph  and  anemometer  records  replotted  on  a  rectilinear  scale,  to  make  it 
easier  to  discern  the  phase  relations  between  the  pressure  and  the  wind  fluctuations. 
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Fig.  4.  Hodographs  of  the  Haswell  boundary-layer  winds  between  the  surface  and  148  m  during  the 
wave-generation  event,  as  obtained  by  a  movable  carriage  mounted  on  the  tower.  The  darker  curve 
was  taken  from  the  carriage  run  up  the  tower  between  1703  and  1715  LT;  the  lighter  curve  was  taken 
from  the  carriage  run  down  between  1721  and  1730  LT.  The  numbers  beside  the  curves  indicate  the 
height;  the  points  indicate  the  tip  of  the  wind  vector  with  its  tail  at  the  origin,  in  other  words,  the 
magnitude  of  the  wind  speed  and  the  direction  toward  which  it  blows  (the  opposite  to  the 
meteorological  convention). 


airflow  in  its  vicinity  that  may  introduce  spurious  directional  changes  in  the  airflow 
with  changes  in  wind  speed. 

Using  the  data  described  in  the  previous  paragraphs  and  shown  in  the  figures,  we 
can  obtain  the  wave  phase  velocity  and  the  wave-associated  vertical  fluxes  of  energy 
and  momentum  at  a  height  of  150  m.  The  horizontal  wave  phase  speed  can  be  deter- 
mined from  the  so-called  'wave  impedance  relation'  (Gossard  and  Munk,  1954), 
which  gives 
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Fig.  5.  Height  profiles  of  temperature  and  the  wind  component  in  the  direction  of  wave  travel,  as 
obtained  by  a  movable  carriage  mounted  on  the  tower.  The  solid  curves  pertain  to  the  carriage  run  up 
the  tower  between  1703  and  1715  LT;  the  broken  curves  pertain  to  the  carriage  run  down  between 
1721  and  1730  LT  (The  direction  of  wave  propagation  was  taken  from  the  analysis  of  Figure  6.)  Also 
indicated  are  the  range  of  the  wind  speed  variation  between  1715  and  1721  LT  at  the  top  of  the  tower, 
the  wave  phase  speed  as  deduced  for  the  wave  cycles  indicated,  and  the  Richardson  numbers  Ri  for 
the  three  boundary-layer  zones  discussed  in  the  text.  These  values  are  averages  for  the  two  runs. 


Here  Ap  and  Au  are  the  wave-associated  pressure  and  horizontal  velocity  perturba- 
tions, respectively,  and  q0  is  the  background  atmospheric  density.  It  is  important  to 
note  that  Vp  is  not  the  horizontal  wave  phase  speed  measured  relative  to  a  frame  of 
reference  fixed  with  respect  to  the  ground;  rather  it  is  the  phase  speed  measured  in 
a  reference  frame  moving  with  the  mean  wind-speed  component  in  the  direction  of 
wave  propagation  at  the  observation  height.  We  can  see  immediately  from  the  pressure 
and  wind  velocity  traces  of  Figure  3b  that  the  pressure  and  wind  velocity  fluctuations 
are  in  antiphase,  so  that  relative  to  the  ground,  the  wave  phase  speed  is  smaller  than 
the  wind  speed  at  the  height  of  observation.  In  the  present  case,  the  VP  values  (esti- 
mated by  reading  crest-to-trough  fluctuations  in  pressure  and  horizontal  wind  speed 
for  successive  wave  cycles)  lie  between  —0.8  and  — 1.9  m  s_1.  As  indicated  in  Fig- 
ure 5,  which  shows  height  profiles  of  the  wind  component  parallel  to  the  direction  of 
wave  propagation,  this  implies  a  wave  phase  velocity  relative  to  an  observer  fixed  at 
the  ground  of  2.9-3.8  m  s_1  (roughly  3.5  m  s_1  on  the  average).  Figure  5  also  shows 
that  the  wave  phase  speed  is  very  nearly  equal  to  the  mean  wind  speed  in  the  upper 
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Fig.  6.  Determination  of  the  azimuthal  direction  of  wave  propagation  from  an  examination  of  the 
fluctuation  of  the  horizontal  velocity  vector  of  the  wind  at  the  top  of  the  tower.  The  (  + )  signs  indicate 
the  position  of  the  tip  of  the  velocity  vector  at  the  wind  maxima;  the  (  — )  signs  indicate  the  position 
of  the  tip  of  the  velocity  vector  at  the  wind  minima.  The  numerals  indicate  the  number  of  the  wave 
cycle,  and  correspond  to  the  numbers  shown  in  Figure  5. 


shear  zone,  i.e.,  the  wave  has  a  critical  level  (VP  —  0)  between  110  and  120  m.  This 
agrees  very  closely  with  the  center  height  of  the  braided  structure  on  the  acoustic 
echo-sounder  facsimile  record.  Using  the  measured  wave  phase  speed  and  period, 
we  deduce  a  horizontal  wavelength  ^«350  m  for  the  wave;  this  wavelength  falls  just 
outside  the  neutral  curve  derived  from  Drazin's  (1958)  analysis  and  shown  in  Figure  4 
of  Emmanuel  (1973).  Considering  the  uncertainties  in  our  estimate  of  the  shear  zone 
thickness,  the  governing  Richardson  number,  and  the  other  problem  parameters  as 
well  as  Drazin's  assumption  of  a  hyperbolic-tangent  wind  profile,  we  regard  this 
agreement  as  satisfactory. 

As  a  check  on  the  consistency  of  the  data,  and  the  degree  of  confidence  we  should 
have  in  them,  we  have  compared  the  observed  ratio  of  the  amplitudes  of  the  hori- 
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zontal  and  vertical  velocity  perturbations  with  those  predicted  from  the  ratio  of  the 
wave  frequency  Q  measured  in  a  frame  of  reference  moving  with  mean  wind  at  the 
observing  height  and  the  local  value  of  the  Brunt- Vaisala  frequency  N: 

N2        V'2      Au 

a>-1)    =TW  (4) 

The  average  value  of  the  ratio  Au/Aw  is  «1.2,  while  the  value  of  N  estimated  from 
Figure  5  is  «2.7x  10-2  s_1;  when  substituted  into  Equation  (4),  these  values  yield 
Q^  —  1.7  x  10-2  s_1  (where  the  minus  sign  arises  from  the  retrogression  of  wave 
phase  relative  to  the  wind  at  this  height).  On  the  other  hand,  Q  =  2n  VP/X;  using 
Vpk  —  1.4  ms"1  and  A«350m  yields  Q&  —  2.5  x  10-2  s_1.  These  values  do  not 
agree.  However,  the  latter  estimate  of  Q  is  quite  sensitive  to  the  values  of  VP  and  X; 
the  extreme  values  measured  were  Vpk  —  0.8  m  s_1  and  A«380  m,  and  these  values 
yield  Q&  —  1.3  x  10-2  s_1.  Considering  the  uncertainties  inherent  in  the  estimates  of 
N  and  VP,  the  observations  appear  to  be  consistent  with  a  value  for  the  wave  phase 
speed  relative  to  the  ground  of  between  3.5  and  4.0  ms"1  and  a  horizontal  wavelength 
of  350  to  400  m. 

The  wave-associated  vertical  flux  of  horizontal  momentum  may  be  expressed  in 
terms  of  the  horizontal  and  vertical  velocity  fluctuations  as 

P  =  q0(AuAw>,  (2) 

where  the  brackets  indicate  a  time  average.  Again  using  the  data  of  Figure  3,  we  find 
Px  —  5  dyn  cm-2  at  the  top  of  the  tower,  where  the  minus  sign  indicates  either  a 
downward  flux  of  positive  momentum  (directed  parallel  to  the  mean  wind  in  the  upper 
shear  zone)  or  an  upward  flux  of  negative  momentum.  (The  flux  P  was  estimated  by 
computing  AuAw  products  for  twelve  wave  cycles.)  Since  the  wave  source  is  below 
this  level,  and  since  the  wave  phase  progression  is  retrogressive  relative  to  the  mean 
wind  at  the  top  of  the  tower,  it  would  seem  most  appropriate  to  interpret  this  as  an 
upward  flux  of  negative  momentum. 

The  magnitude  of  P  is  quite  large.  To  put  it  into  perspective,  recall  that  the  annual 
average  value  of  this  quantity  at  temperate  and  high  latitudes  is  ~0.25dyncm~2 
(e.g.,  Palmen  and  Newton,  1969).  Thus,  to  the  extent  that  wave  generation  by  shear 
instability  is  a  relatively  frequent  event  over  regions  of  wide  geographical  extent, 
such  events  may  account  for  a  significant  fraction  of  the  total.  The  effect  of  the  ob- 
served momentum  flux  should  be  to  increase  the  momentum  content  of  the  boundary- 
layer  below  by  an  amount  ~5  x  103  g  cm-1  s_1  in  a  10-min  interval.  The  carriage 
data  indicate,  however,  no  significant  change  in  the  momentum  content  of  the  shear 
zone  in  which  the  wave  was  generated,  and  a  decrease  in  the  momentum  content  of 
the  flow  between  roughly  50  and  100  m  amounting  to  ~2  x  103  g  cm-1  s_1  (as  esti- 
mated from  Figure  5). 

The  wave-associated  vertical  flux  of  energy  E  is  usually  defined  in  terms  of  the 
pressure  fluctuations  Ap  and  the  vertical  velocity  fluctuations  Aw  by  the  expression 
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(e.g.,  Eckart,  1960) 

E  =  (ApAw}.  (3) 

Using  the  data  of  Figure  3,  we  find  £«800  erg  cm-2  s_1  at  the  top  of  the  tower, 
which  is  just  above  the  wave  critical  layer.  The  fact  that  £>0  implies  that  the  wave 
source  indeed  lies  below  the  height  of  measurement.  (Apparently,  then,  the  physics 
of  this  event  is  rather  different  from  the  August  6,  1969  event  observed  by  Gossard 
et  al.  (1970)  and  discussed  by  Hines  (1970).)  Recently,  Hines  and  Reddy  (1970)  have 
argued  that  in  the  presence  of  a  mean  flow,  Equation  (3)  must  be  modified,  E  now 
being  given  by 

E  =  (ApAw)  +  q0U0(AuAw},  (4) 

where  UQ  is  the  background  wind  at  the  height  of  observation  (although  whether  the 
source  is  above  or  below  the  observation  height  is  still  to  be  determined  by  the  sign 
of  (ApAwy).  The  additional  term  reflects  the  coupling  between  the  wave  perturbation 
and  the  mean  flow.  Its  value  quite  obviously  depends  upon  the  choice  of  reference 
frame  in  which  it  is  measured,  as  does  the  kinetic  energy  of  the  background  flow 
itself.  For  example,  as  measured  in  a  reference  frame  moving  with  the  wave, 
Q0U0(  AuAw}v  —  500  erg  cm-2  s_1;  as  measured  in  a  reference  frame  fixed  with 
respect  to  the  ground,  Q0U0(  AuAw}^  —  2500  erg  cm-2  s_1.  Thus,  in  the  ground- 
fixed  reference  frame,  E=  —  1700  erg  cm-2  s_1.  This,  too,  is  a  large  value.  It  can 
be  compared  with  the  rate  of  kinetic  energy  dissipation  per  unit  column  of  the 
atmosphere;  Brunt  (1939),  for  example,  estimated  this  to  be  ^5000  erg  cm-2  s-1. 
It  implies  that  in  ten  minutes  or  so,  the  kinetic  energy  content  of  the  mean  boundary- 
layer  flow  below  the  150-m  level  should  increase  by  about  106ergcm-2.  In  fact, 
examining  Figures  4  and  5,  we  find  a  decrease,  ~2x  105  erg  cm-2. 

The  apparent  discrepancies  between  the  observed  changes  in  the  boundary-layer 
momentum  and  energy  and  those  predicted  from  the  wave-associated  momentum 
and  energy  fluxes  at  1 50  m  are  not  as  serious  as  they  might  at  first  seem.  In  the  first 
place,  the  turbulent  momentum  and  energy  fluxes  in  the  surface  boundary  layer  were 
undoubtedly  enhanced  during  the  wave  generation,  as  indicated  in  Figure  3a;  if 
these  were  larger  in  magnitude  than  the  150-m  fluxes,  the  results  could  be  readily 
explained.  In  the  second  place,  the  wave-associated  fluxes  should  affect  the  boundary- 
layer  flow  downstream  from  the  observing  site,  rather  than  at  the  site  itself.  Finally, 
the  estimates  ignore  mesoscale,  reversible  changes  in  the  wind-shear  profile  that  might 
be  associated  with  gravity-wave  motions  of  longer  period  and  wavelength  (see  the 
discussion  of  Section  3). 

It  would  therefore  have  been  useful  to  have  measured  the  turbulent  fluxes  of  mo- 
mentum and  energy  in  the  surface  boundary  layer.  It  would  have  been  useful  to  have 
analyzed  changes  in  the  mean  boundary-layer  flow  downstream  from  the  site  of  wave 
generation.  It  would  also  have  been  of  interest  to  have  measured  the  wave-associated 
vertical  fluxes  of  momentum  and  energy  just  beneath  the  wave  critical  level,  since 
with  this  information  we  could  have  analyzed  the  energy  and  momentum  budgets 
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of  the  upper  shear  zone  and  the  zone  with  zero  shear  separately.  We  hope  to  improve 
our  observations  in  at  least  some  of  these  respects  in  further  experiments  currently 
contemplated,  so  as  to  elucidate  better  the  role  played  by  atmospheric  gravity  waves 
in  the  momentum  and  energy  transports  in  the  atmospheric  circulation. 

3.  Observations  from  the  Ground-Based  Microbarograph  Array 

The  pressure  fluctuations  associated  with  the  waves  generated  by  the  shear  flow  in- 
stability are  much  stronger  at  the  1 50-m  level  than  they  are  at  the  ground.  Nevertheless, 
the  event  was  detected  at  the  surface,  as  shown  in  Figure  7,  which  reproduces  the 
pressure  traces  from  the  three  ground-based  microbarographs  (whose  positions  are 
indicated  in  Figure  1).  In  Figure  7a,  the  three  pressure  traces  are  shown  individually. 
Each  reveals  large-amplitude  fluctuations  of  rather  long  period  (~  10  min)  associated 
with  a  wave  motion  of  mesoscale  (phase  velocity  «18ms_1;  wavelength  «22km); 
in  addition,  each  shows,  for  a  15-  to  30-min  interval,  weak  fluctuations  of  roughly 
100-s  period.  The  pressure  fluctuations  are  largest  in  amplitude  near  the  base  of  the 
tower;  an  overlay  of  the  pressure  traces  from  the  base  and  the  top  of  the  tower  shows 
the  pressure  fluctuations  to  be  very  nearly  in  phase,  as  shown  in  Figure  7b.  However, 
there  are  uncertainties  in  the  phase  determination  amounting  to  perhaps  as  much 
as  +20°,  and  there  is  a  phase  shift  wl5°  introduced  by  the  20-m  spacing  between  the 
surface  microbarograph  and  the  base  of  the  tower. 

Figure  7c  shows  the  three  surface  microbarograph  records  overlaid  and  time-shifted 
by  an  amount  corresponding  to  the  3.5  m  s_1  phase  speed  of  the  smaller-scale  waves; 
it  is  impossible  to  see  any  evidence  of  a  peak-to-peak  correlation,  suggesting  that  the 
array  spacing  was  an  order  of  magnitude  too  large  to  measure  the  micro-scale  wave 
phase  speed  directly.  What  is  interesting  about  Figure  7c  is  that  it  indicates  little  if 
any  overlap  of  even  the  disturbed  intervals  on  the  three  records.  To  improve  the 
overlap  of  the  disturbed  intervals,  it  is  necessary  to  use  much  smaller  time  shifts.  For 
example,  the  time  shifts  required  to  maximize  the  cross-correlation  of  the  pressure 
fluctuations  of  roughly  a  10-min  period  also  provide  good  overlap  of  the  disturbed 
intervals,  as  shown  in  Figure  7d;  these  yield  a  propagation  velocity  of  ^18  m  s_1 
from  210°.  One  possibility,  then,  is  that  the  microscale  waves  generated  by  the  shear 
instability  were  highly  dispersive,  with  a  group  velocity  much  higher  than  the  wave 
phase  speeds;  this  is  quite  unlikely.  Another  possibility  is  that  the  wave  generation 
resulted  from  the  passage,  at  relatively  high  speeds,  of  mesoscale  waves,  which  per- 
turbed the  stability  of  the  very  nearly  unstable  boundary-layer  shear  flow  in  the 
course  of  their  propagation.  This  interpretation  would  be  in  conformance  with  theo- 
retical notions  concerning  the  origins  of  the  so-called  'intermittency'  of  atmospheric 
turbulence  put  forth  by  Phillips  (1966),  Gossard  et  al.  (1971),  Chimonas  (1972),  and 
others,  and  it  is  not  inconsistent  with  the  reappearance  of  wave  generation  events  of 
the  type  described  here  at  half-hour  intervals  or  so  for  several  hours.  Unfortunately 
the  response  of  the  microbarographs  we  used  falls  off  very  rapidly  at  low  frequencies, 
making  it  impossible  to  detect  wave  motions  of  such  long  periods.  We  hope  to  con- 
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Fig.  7.  Surface  microbarograph  records,  (a)  The  three  records  displayed  individually,  each  revealing 
oscillations  of  roughly  10-min  period  throughout  the  observing  interval,  and  oscillations  of  roughly 
100-s  period  for  a  15-  to  30-min  interval,  (b)  The  records  from  the  top  and  the  base  of  the  tower 
superimposed,  (c)  The  three  surface  records  superimposed  and  time-shifted  to  correspond  to  a  3.5  m 
s_1  propagation  velocity,  (d)  The  three  surface  records  superimposed  and  time-shifted  to  maximize 
the  cross-correlation  of  the  10-min  period  oscillations;  the  phase  velocity  thus  determined  is  <%<  18  m 

s-1  from  210°. 
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firm  or  reject  such  an  interpretation  by  using  pressure  sensors  with  improved  low- 
frequency  response  in  future  work.  In  addition,  we  intend  to  decrease  the  array  spacing 
in  order  to  determine  more  accurately  the  propagation  velocity  of  the  region  of 
generation.  The  present  data  do  appear  good  enough  to  suggest  that  the  region  of 
wave  generation  is  propagating  with  a  velocity  >  10  m  s_1,  however.  Together  with 
the  fact  that  the  generation  persists  for  10  min  or  more,  this  implies  a  region  of  dy- 
namical instability  >  6  km  in  horizontal  extent. 
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Abstract.  The  index  of  refraction  and  its  short-term  variations  have  been  measured  on  a  152-m 
meteorological  tower  at  three  fixed  levels  and  on  a  moveable  platform.  Analysis  of  the  data  reveals 
that  the  time  rates  of  production  and  dissipation  of  refractivity  fluctuations  are  approximately  in 
balance  under  a  variety  of  meteorological  conditions,  and  that  changes  in  the  rate  of  dissipation 
usually  coincide  with  comparable  changes  in  the  rate  of  production.  Under  reasonably  stationary 
conditions,  terms  corresponding  to  the  rate  of  change  and  vertical  diffusion  of  refractivity  variance 
are  found  to  be  negligible.  Power  spectral  densities  of  the  variations  increase  when  the  rate  of  gen- 
eration (arid  dissipation)  increase,  and  conversely.  Comparison  of  the  results  with  simultaneous 
acoustic  sounder  returns  provides  a  valuable  insight  into  the  mechanisms  responsible  for  changes  in 
the  rates  of  production  and  dissipation. 

1.  Introduction 

Temporal  and  spatial  variations  of  the  index  of  refraction  at  radio  wavelengths  are 
of  interest  to  specialists  working  in  a  wide  variety  of  fields.  For  example,  random 
fluctuations  of  refractive  index  cause  errors  in  radar  tracking  of  space  vehicles  (Barton 
and  Ward,  1969)  and  degrade  the  performance  of  millimeter-wave  communications 
links  (Roche  et  al.,  1970).  In  a  markedly  different  application,  Shen  (1970)  uses 
refractive-index  perturbations  of  the  same  kind  to  infer,  by  remote  measurements, 
wind  velocity  and  its  variations  along  a  line-of-sight  propagation  path. 

Although  the  radio  refractive  index  depends  on  pressure,  temperature,  and  hu- 
midity in  the  lower  atmosphere,  its  fluctuations  are  due  mainly  to  changes  in  humidity 
and  temperature;  the  effects  of  pressure  variations  are  negligible.  By  assuming  that 
the  time  rates  of  production  and  destruction  of  refractive-index  inhomogeneities  are 
equal  and  that  the  turbulent  flow  is  stationary,  Tatarski  (1961)  obtained  an  expression 
for  the  refractive-index  structure  parameter  C„  (a  quantity  essentially  indicating  the 
strength  of  refractive-index  variations)  in  terms  of  measurable  mean  field  quantities 
such  as  the  gradient  of  the  wind  velocity  and  potential  refractivity. 

This  paper  examines  in  more  detail  the  various  terms  appearing  in  the  budget  of 
refractivity  variance.  In  addition  to  evaluating  the  time  rates  of  production  and 
dissipation  of  refractivity  fluctuations  from  experimental  data,  we  also  estimate  the 
rate  of  change  and  vertical  diffusion  of  the  variance  of  refractivity.  The  data  are 
analyzed  along  with  simultaneous  acoustic  echo-sounder  returns  obtained  nearby. 
Even  though  the  acoustic  sounder  (in  the  present  configuration)  responds  only  to 
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temperature  fluctuations,  its  description  of  the  atmospheric  turbulence  structure 
proves  to  be  a  valuable  guide  in  interpreting  the  data. 

2.  Theoretical  Background 

Recognizing  the  fact  that  the  generation  of  refractive-index  inhomogeneities  depends 
to  a  large  extent  on  the  gradient  of  the  so-called  potential  refractive  index,  we  first 
derive  an  expression  for  this  gradient  in  terms  of  measured  quantities.  An  equation 
for  the  budget  of  refractive-index  variance  is  developed  next. 
Bean  and  Dutton  (1968)  showed  that  at  radio  frequencies: 


N  =  («-  1)106  = 


77.6 


P  + 


4810A 


)■ 


(0 


where  n  is  the  refractive  index,  N  is  the  refractivity  in  N  units  (ppm  in  ri),  T  is  the 
absolute  temperature  in  K,  P  is  the  total  pressure  in  millibars  (mb),  and  e  is  the  partial 
pressure  of  water  vapor  in  millibars.  By  introducing  the  potential  temperature 
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(here  ya  is  the  adiabatic  lapse  rate,  ya  =  0.0098  K  m   1  and  z  is  the  height  above  the 
surface  in  meters)  and  the  specific  humidity 


q  «  0.622  e/P , 
we  can  recast  Equation  (1)  as 
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Note  that  both  0  and  q  are  conservative  (that  is,  they  remain  constant  when  subjected 
to  adiabatic  temperature  changes).  Horizontal  homogeneity  is  assumed  here;  the 
various  quantities  in  Equation  (4)  depend  only  on  the  vertical  space  coordinate  z. 
The  gradient  of  refractivity  thus  reduces  to 

dN 
<i7 
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Tatarski  (1961,  p.  57)  points  out  that  when  a  parcel  of  air  is  displaced  adiabatically 
in  the  vertical  direction  by  turbulent  mixing,  changes  in  TV  occur  only  due  to  the  last 
two  terms  in  Equation  (5).  It  is,  therefore,  convenient  to  express  the  mean  vertical 
gradient  of  (generalized)  potential  refractivity  (Ottersten,  1969)  as 


d(f>      dN  d0      dN  dq 

—  « 1 . 

dz      d0  dz       dq  dz 


(6) 


Note  that  </>  is  defined  in  such  a  manner  that  it  does  not  vary  with  height  in  an  adia- 
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batic  atmosphere  (see  Bean  and  Dutton,  1968).  Because  dNjdz  is  measured,  we  may 
write  for  d<£/dz 

d0  ^  dN      /ON      dN  dP 
dz       dz      \dz      dP  dz 

''[^-1  +  7733^.-1)^, 


dz         Tz     {"      R  \"      RJT 

where  Equation  (4),  the  barometric  equation  dPjdz=—  gg,  and  the  equation  of 
state  P  =  RqT,  have  been  used  (here  g  is  the  acceleration  due  to  gravity,  #  =  9.81  ms-2, 
q  is  the  air  density,  and  R  is  the  gas  constant,  R  =  287  J  (kg)-1  K~\  for  dry  air). 
Using  measured  values  of  dNjdz,  P,  T,  and  q,  we  may  evaluate  d</>/dz  from  Equation 
(7). 

Up  to  this  point  the  time  dependence  of  0  has  not  been  considered.  Time-dependent 
variations  of  4>  may  be  studied  by  introducing  the  diffusion  equation  (Landau  and 
Lifshitz,  1959), 

d<f>       8   (  d<f>\ 

T<+TA*v'-D^r°-  <8) 

where  vi  =  (v1,  v2,  and  v3)  represent  the  three  orthogonal  components  of  the  wind 
velocity  (here  vu  v2,  and  v3  are  the  longitudinal,  lateral,  and  vertical  components  of  the 
wind,  respectively),  and  D  is  the  molecular  diffusion  coefficient  of  (f>.  Let 

(p  =  $  +  <(>' 
and 

vt  =  vt  +  v\ , 

where  the  overbar  indicates  an  average  and  the  primed  quantities  denote  fluctuations 
about  this  average  ($'  =  u,  =  0  by  definition).  Substituting  the  above  quantities  into 
Equation  (8)  and  averaging  yields 

ot      ox,  \  axj 

Next,  subtract  Equation  (9)  from  Equation  (8) 
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dtb'       d 


Multiplying  by  4>  and  averaging  results  in 
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where  it  was  assumed  that  the  fluid  is  incompressible,  i.e.,  dvJdx—O.  Several  addition- 
al assumptions  are  needed  to  simplify  further  the  above  equation:  (1)  the  motion  is 
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horizontally  homogeneous;  (2)  the  mean  flow  is  horizontal  and  depends  only  on  the 
height  above  the  ground;  and  (3)  transport  by  molecular  action  can  be  neglected,  i.e. 


A'D        )  =  0. 
dxt  \        dxj 

Equation  (11)  thus  becomes 


1  dur  >  ]   d  inn  ,  -rrrd$ 
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Because  the  fluctuations  in  <j>  and  N  are  identical,  it  is  permissible  to  replace  <t>'  by  N '. 
Also  let  x3  =  z,  v3  =  w\  and  D(d4>'ldXj)2  =  GN.  Equation  (12)  finally  takes  the  form 

1  d  —j      1  v  — ■ — -0      — — -  d(B 

-  N'2  +  -  —  w'N'2  +  w'N'  -~  +  GN  =  0.  (13) 

2dt  2dz  dz 

The  first  term  above  corresponds  to  the  time  rate  of  change  of  the  variance  of  the 
refractivity  fluctuations.  The  rate  of  vertical  diffusion  of  the  fluctuations  is  represented 
by  the  second  term.  The  third  term,  consisting  of  the  product  of  the  refractivity  flux 
w'N'  and  the  gradient  of  potential  refractivity,  is  related  to  the  rate  of  production  of  TV 
variations.  The  last  term  gives  the  time  rate  of  dissipation  of  the  refractivity  inhomo- 
geneities. 

While  it  is  possible  to  calculate  (or  at  least  estimate)  the  magnitude  of  the  first 
three  terms  in  Equation  (13),  GN  cannot  be  evaluated  directly  from  the  experimental 
data.  Recalling  the  relation  for  the  structure  function  of  a  conservative  passive 
additive  (Tatarski,  1961), 

D(r)  =  ae~ll3Gr213,  (14) 

we  may  write  for  the  rate  of  dissipation 

G,  =  D,(r)fl-V'V2/3,  (15) 


where  DN(r)=  [N(rl)  —  N(r2)Y  is  the  structure  function  of  the  refractivity,  r  =  |r!  —  r2| 
is  the  separation  between  the  two  observation  points,  e  is  the  rate  of  dissipation  of 
turbulent  energy,  and  a  is  a  constant,  a«3.2  (Wyngaard  and  Cote,  1971).  We  assume 
that  the  turbulent  flow  is  both  homogeneous  and  isotropic.  The  structure  function  of 
the  horizontal  wind 

Du(r)  =  be2/3r213  (16) 

may  be  used  to  determine  e.  Here  b  is  a  constant,  b&2.0  (Panofsky,  1969). 

3.  Experimental  Results 

The  data  are  obtained  from  a  152-m  meteorological  tower  situated  in  the  middle  of  a 
20-km  bowl-like  depression  in  south-eastern  Colorado,  near  Haswell.  Three  fixed 
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levels  (at  39,  95,  and  151m)  and  a  moveable  platform  (the  'carriage'),  capable  of 
travelling  from  the  bottom  of  the  tower  to  the  top  in  about  1 1  min,  are  instrumented  to 
measure  refractivity,  temperature,  wind  velocity,  relative  humidity,  and  pressure. 

Simultaneous  acoustic  soundings  are  made  240  m  away  from  the  tower  to  obtain 
information  about  the  structure  of  the  lower  few  hundred  meters  of  the  atmosphere. 
The  sounder  (McAllister  et  a/.,  1969)  operates  in  the  backscatter  mode  at  950  Hz  and 
emits  20  ms  pulses  (8  W  of  radiated  acoustic  power)  at  2-s  intervals.  The  returns  are 
recorded  by  a  facsimile  recorder  as  intensity  modulation  of  the  paper. 

Refractivity  variations  are  detected  by  measuring  changes  in  the  resonant  frequency 
(nominally/*  10  GHz)  of  a  microwave  sampling  cavity  exposed  to  the  free  atmosphere. 
The  overall  accuracy  of  the  instrument  is  0.1  TV  unit  and  it  is  capable  of  fully  resolving 
refractivity  variations  separated  by  0.75  m  (Gilmer  et  ai,  1965).  Thermocouples 
consisting  of  welded,  2-mil  copper-constantan  junctions  measure  the  air  temperature. 
Their  accuracy  is  0.1  °C,  and  they  have  a  uniform  response  from  dc  to  10  Hz.  The 
wind  velocity  is  measured  with  propeller-driven  anemometers  attached  to  bidirectional 
vanes;  the  distance  constant  of  the  propellers  is  0.75  m,  and  for  wind  speeds  over  2.7 
m  s_1  all  wind  direction  fluctuations  up  to  0.5  Hz  are  recorded  accurately.  Variable 
resistance  barium  fluoride  elements  deposited  on  glass  strips  are  used  to  measure 
relative  humidity  to  better  than  a  2%  accuracy.  Atmospheric  pressure  and  its  slower 
variations  are  recorded  by  microbarographs  on  paper  chart. 

After  preprocessing  by  appropriate  signal  conditioning  equipment,  the  data 
are  recorded  on  analog  magnetic  tape.  Subsequently,  the  recorded  information  is 
prepared  for  computer  analysis  by  digitizing  at  the  rate  of  5  samples  per  second  and 
re-recording  on  IBM-compatible  digital  tape. 

Figure  1  illustrates  two  50-min  data  samples  taken  from  the  morning  of  1969 
September  20.  Although  several  different  averaging  times  have  been  tried,  2-min 
detrended  (mean  and  linear  trend  are  removed)  data  averages  are  plotted  here  mainly 
because  they  give  reasonably  reliable  statistical  estimates  and  still  allow  us  to  resolve 
some  of  the  finer  atmospheric  structures  encountered.  Solid  lines  are  the  rate  of 
destruction  of  refractivity  fluctuations,  evaluated  with  the  help  of  Equations  (15)  and 
(16).  Because  the  sensors  provide  only  a  point  measurement  of  the  desired  meteorolog- 
ical quantities,  it  is  necessary  to  invoke  Taylor's  hypothesis  and  replace  space  lags 
with  time  lags  to  evaluate  the  structure  function  of  refractivity  and  horizontal  wind. 
This  means  that  r  =  ux  is  substituted  into  Equations  (15)  and  (16),  where  u  is  the  mean 
horizontal  wind  flow  and  t  is  the  time  lag  (t=  1  s,  usually). 

The  rate  of  generation  of  refractivity  variations  w'N'(d4>ldz)  is  indicated  by  dashed 
lines  in  Figure  1 .  Although  w'N'  can  be  evaluated  in  a  straightforward  manner  from  the 
data,  the  same  is  not  true  for  dcpjdz.  Normally  the  gradient  of  refractivity  dNjdz  is 
determined  from  N  profiles,  which  are  obtained  from  carriage  traverses  made  about 
twice  (sometimes  three  times)  every  hour;  the  gradient  d<f>{z,  t)  jdz  =  d<j)(z)fdz  is  then 
evaluated  from  Equation  (7).  Here  it  is  assumed  that  no  significant  changes  occur  in 
the  refractivity  profile  during  the  11-min  carriage  traverse.  Although  intervening 
values  ofd(j)/dz  are  determined  by  linear  interpolation,  this  procedure  is  considered  to 
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Fig.  1.     Time  rates  of  production  and  dissipation  of  refractivity  fluctuations  at  two  fixed  tower 
levels.  The  time  rate  of  change  and  vertical  diffusion  of  refractivity  variance  are  also  shown 

for  the  39-m  level. 

be  rather  inaccurate  whenever  more  rapid  (of  the  order  of  lOmin)  changes  occur. 
When  no  carriage  profiles  are  available,  a  crude  estimate  of  dN/dz  is  obtained  by  taking 
the  difference  between  refractivity  readings  at  two  fixed  levels  and  dividing  by  the 
separation.  It  is  concluded,  therefore,  that  because  of  the  various  uncertainties  en- 
countered in  evaluating  the  gradient  of  refractivity,  rather  substantial  errors  may  con- 
taminate the  resultant  d4>/dz  estimate. 

For  the  39-m  level,  the  time  rate  of  change  of  variance   (1/2)  d(N'2)/dt  (dotted 
lines)  and  vertical  diffusion  (1/2)  d(w'N'2)jdz  (open  circles)  terms  are  also  shown. 
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Because  the  diffusion  term  must  be  evaluated  from  carriage  measurements,  estimates 
for  this  term  are  available  only  when  the  carriage  crosses  the  39-m  level.  This  occurs  at 
0604,  0646,  0714,  and  at  0734. 

At  the  top  of  Figure  1  is  a  photograph  of  the  acoustic  sounder  echo  returns.  Horizon- 
tal lines  at  39  and  151  m  indicate  the  locations  of  the  two  fixed  levels  for  which  data 
are  available. 

An  examination  of  the  39-m  level  plots  reveals  that  the  production  and  dissipation 
terms  are  approximately  in  balance;  by  comparison,  the  diffusion  and  change  in 
variance  terms  are  negligibly  small  during  most  of  the  period.  As  the  Sun's  heating 
becomes  more  appreciable,  the  intensity  of  the  turbulent  fluctuations  increases,  and 
this  is  reflected  by  corresponding  increases  in  both  w'N'dcpjdz  and  GN.  Superimposed 
on  this  gradually  increasing  trend  are  numerous  short-term  (2-  to  6-min)  fluctuations. 
Significantly,  many  of  these  more  rapid  variations  in  production  and  dissipation  are 
well  correlated ;  this  is  especially  true  for  the  07 10  to  0800  period.  The  acoustic  sounder 
returns  show  essentially  uniform  intensity  of  scattering  for  2  =  39  m  from  0600  to 
0800;  no  significant  structure  is  readily  discernible  at  this  level. 

Unfortunately,  no  refractivity  data  are  available  at  the  95-m  level,  and  only  two 
shorter  segments  could  be  analyzed  for  the  151-m  level.  Although  at  z=  151  m  the 
generation  and  dissipation  terms  are  usually  within  an  order  of  magnitude  of  each 
other,  a  fairly  substantial  discrepancy  develops  after  0752.  Also,  while  w'N'dcp/dz 
exhibits  some  marked  fluctuations  between  0618  and  0650,  most  of  these  are  not 
observed  in  GN.  Part  of  the  disagreement  may  be  caused  by  errors  in  the  dN/dz 
estimates  which  were  mentioned  earlier.  In  addition,  the  carriage  cannot  ascend  above 
z=15l  m,  which  makes  it  even  more  difficult  to  obtain  reliable  estimates  of  the 
refractivity  gradient  for  this  level. 

From  0618  until  0650,  the  intensity  of  refractivity  fluctuations  (as  judged  from  the 
variance  N'2)  is  approximately  twice  as  large  at  the  151-m  level  as  at  the  39-m  level; 
this  is  to  be  contrasted  with  the  acoustic  echo  sounder  data,  indicating  consistently 
stronger  returns  from  the  lower  elevation.  The  intensity  of  the  fluctuations  is  more 
nearly  equal  at  the  two  levels  between  0734  and  0800.  Two  pronounced  peaks  in  GN 
correspond  to  regions  of  enhanced  acoustic  scattering  crossing  the  151-m  tower  level 
at  0744  and  0748.  No  other  obvious  correlation  between  the  refractivity  variations  and 
acoustic  returns  is  evident,  however. 

A  considerably  more  complex  situation  is  illustrated  in  Figure  2.  Because  Bean  et  al. 
(1973)  examine  the  turbulent  energy  budget  and  Emmanuel  (1972)  investigates  the 
hydrodynamic  stability  of  the  wave  structure  for  this  same  time  period,  the  reader's 
attention  is  directed  to  these  two  papers  for  additional  details  that  are  not  discussed 
here. 

Figure  2  shows  that  the  generation  and  dissipation  terms  are  in  good  agreement  at 
both  the  39-m  and  the  95-m  levels.  Pronounced  increases  are  observed  in  GN  and 
w'N'd(f>ldz  whenever  the  convective  layer  crosses  the  39-m  level  (indicated  by  intense, 
almost  uniform  acoustic  scattering  near  the  ground);  this  occurs  at  0808  and  again  at 
0854.  Similarly,  GN  and  w'N'd<pjdz  show  marked  increases  when  the  undulating  wave 
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Fig.  2.     Time  rates  of  production  and  dissipation  of  refractivity  fluctuations  at  two  fixed  tower 
levels.  The  refractivity  flux  and  potential  refractivity  gradient  are  also  shown  for  the  95-m  level. 


structure  crosses  the  95-m  level  between  0826  and  0834.  An  interesting  aspect  of  the 
95-m  plots  is  that  as  the  gradient  of  potential  refractivity  changes  its  sign  (at  0823  and 
0915),  a  corresponding,  but  opposite  sign  change  takes  place  in  the  refractivity  flux 
term;  the  result  is  that  —w'N'dcp/dz  remains  positive  and  continues  to  be  in  balance 
with  GN.  Figure  3  illustrates  two  smoothed  refractivity  profiles,  one  before  and  one 
after  the  09 15  sign  change. 

A  notable  feature  of  the  results  is  that  plots  of  GN  at  the  39-  and  95-m  levels  show 
very  little  correlation,  and  the  same  is  true  for  w'N'dQfdz.  This  is  not  surprising  when 
we  note  that  the  acoustic  sounder-returns  indicate  rather  different  atmospheric 
structures  at  the  two  levels.  Similar  comments  apply  for  the  results  shown  in  Figure  1 . 

Additional  insight  into  the  problem  can  be  gained  by  examining  plots  of  power 
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Fig.  3.     Refractivity  profiles  obtained  from  carriage  traverses. 
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Fig.  4a.     Power  spectral  densities  of  refractivity  fluctuations 
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spectral  densities  of  refractivity  variations.  Figures  4a,  b,  and  c  show  some  typical 
examples.  Ten-min  data  samples  are  analyzed  on  the  computer  by  using  a  Fast 
Fourier  Transform  routine.  The  spectral  outputs  SN(f)  are  averaged  so  that  approxi- 
mately 10  equally  spaced  (on  a  logarithmic  scale)  outputs  are  plotted  per  decade  along 
the  frequency  axis.  The  spectra  are  multiplied  by  the  fluctuation  frequency /(Hz); 
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consequently,  equal  areas  under  the  curves  correspond  to  equal  contributions  to  the 
total  variance  N'2.  The  frequency  scale  is  normalized  by  multiplying/ with  z  and 
dividing  by  w;  as  a  result,  fzju  =  zjl  becomes  dimensionless(here  /  is  the  spatial  wave- 
length in  meters). 

Figures  1  and  4a  convincingly  demonstrate  that  as  the  rates  of  production  and 
dissipation  increase  at  z  =  39  m,  so  do  the  corresponding  spectral  estimates.  For  exam- 
ple, for  0600-0610,  Gw«1.2x  10~4  (N  unit)2  s_1,  and  fSN(f)  peaks  at  4x  10-3 
(TV  unit)2;  for  0750-0800,  the  corresponding  numbers  are  1.6  x  10" 3  (jVunit)2  s_1  and 
lxlO-1  (TV  unit)2. 

Another  interesting  feature  of  Figure  4a  is  the  marked  dip  that  occurs  at  z//«0.07 
(/=560  m).  We  may  speculate  that  this  'spectral  gap'  is  caused  by  the  separation  of 
mesoscale  and  microscale  phenomena;  however,  because  of  the  considerable  statistical 
uncertainty  in  the  low-frequency  spectral  estimates,  it  is  not  possible  to  draw  a  definite 
conclusion. 

An  examination  of  Figures  4b  and  c  with  Figure  2  reveals  that  increases  and 
decreases  in  the  rates  of  production  and  dissipation  are  again  well  correlated  with 
corresponding  changes  in  the  power  spectra. 

4.  Conclusions 

In  spite  of  the  difficulties  encountered  in  estimating  the  gradient  of  potential  refractivity, 
the  production  and  dissipation  rates  of  refractivity  fluctuations  agree  well  in  most  cases. 
More  important  than  the  actual  numerical  agreement  between  these  two  terms  is  the 
fact  that  changes  in  the  production  and  dissipation  terms  are  usually  well  correlated  at 
any  given  tower  level.  Under  stationary  conditions,  the  time  rate  of  change  and  vertical 
diffusion  of  refractivity  variance  are  about  an  order  of  magnitude  smaller  than  the 
rates  of  production  or  dissipation.  Larger  contributions  due  to  the  time  rate  of  change 
of  variance  term  are  observed  during  the  more  active  time  periods. 

Because  the  acoustic  sounder  is  sensitive  only  to  temperature  variations,  quantitative 
comparison  of  acoustic  echo  returns  with  refractivity  fluctuation  data  is  not  possible. 
Nevertheless,  by  delineating  regions  of  turbulent  activity,  the  acoustic  returns  help  to 
explain  the  observed  increases  and  decreases  in  the  rate  of  production  and  dissi- 
pation. 

Power  spectral  densities  of  refractivity  variations  exhibit  changes  that  are  closely 
related  to  corresponding  changes  occurring  in  the  rate  of  production  and  dissipation. 
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Demonstration  of  Distortion  in  Envelope  Detection  of 
SSB  Signals 

DONALD  E.  BARRICK 

Absuac f-Examples  arc  presented  illustrating  graphically  the  envelope 
distortion  inherent  to  SSB  signals  and  the  dependence  of  this  distortion 
upon  the  amount  of  carrier  present  with  the  sideband. 

INTRODUCTION 

One  of  the  more  difficult  topics  to  present  satisfactorily  to  an  electri- 
cal engineering  undergraduate  for  the  first  time  (i.e.,  in  his  second  or 
third  year)  is  that  of  single  sideband  (SSB)  signals  and  their  detection. 
The  instructor  can  easily  sketch  the  appearance  of  an  arbitrary  signal, 
/(f).  in  the  time  domain  after  (i)  modulation  and  (ii)  envelope  detec- 
tion for  either  normal  AM  modulation  or  suppressed-carrier  double 
sideband  (DSB)  modulation.  The  simple  extension  of  these  chalk- 
eraser  techniques  to  SSB  signals  in  the  time  domain  is  not  possible, 
however;  one  usually  draws  an  arbitrary  signj  Fourier  transform,  sym- 
metrical about  the  carrier,  and  erases  the  upper  or  lower  half  to  illus- 
trate the  meaning  of  SSB  signals  in  the  frequency  domain.   Invariably  a 
student  asks  the  question:  what  does  the  signal  or  its  envelope  look  like 
in  the  time  domain?  It  is  here  that  the  lack  of  a  quick  physical  picture 
leaves  an  aura  of  mystery  about  the  subject. 

One  can  of  course  spend  two  or  three  periods  introducing  Hilbert 
transform  concepts  in  order  to  cover  SSB  signals,  and  some  recent  treat- 
ments of  this  subject  [e.g.,  Schwartz*]  provide  a  maximum  of  insight 
with  a  minimum  of  mathematics.  This  author  has  found,  however,  that 
the  sophistication  required  to  master  Hilbert  techniques  obscures  the 
simple  but  important  physical  concepts  of  SSB  for  the  average  student 
on  his  first  exposure  to  modulation. 

Yet  an  important  practical  example  of  envelope  detection  of  SSB  (or 
more  precisely,  vestigial  sideband)  signals  occurs  with  the  video  portion 
of  the  normal  TV  signal.  It  is  desirable  to  illustrate  the  effect  of  the 
carrier  amplitude  on  the  amount  of  distortion.  This  is  difficult  to  cal- 
culate with  Hilbert  transforms,  and  one  can  use  phasor  diagrams 
[Deutsch*]  to  show  how  a  large  carrier  minimizes  distortion.   Again, 
however,  the  unavailability  of  a  ready  pictorial  representation  of  a  de- 
tected signal  makes  quantitative  comparisons  difficult.  This  is  espe- 
cially true  for  realistic  modulating  signals, /(f),  which  have  finite  band- 
width, in  contrast  to /(f)  =  sin  cjmr,  a  signal  with  infinitesimal 
bandwidth. 

Hence,  this  author  has  found  it  useful  to  cover  this  subject  in  one  of 
two  ways:  ( 1 )  Simply  present  the  charts  below  showing  examples  of  the 
SSB  envelopes  for  three  periodic  modulating  signals,  /(f),  (square  wave, 
triangular  wave,  sine  wave)  with  various  amounts  of  carrier  present,  or 
(2)  Have  the  student  as  a  special  project  plot  the  envelope  shape  for  an 
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Fig.  1.  Envelope  of  SSB  signal  for  square-wave  modulation  with  various 
amounts  of  carrier  strength.  AMMF  is  the  normal  AM  modulation 
factor;  PdSB/^C  3n<*  ^SSBl^C  are  ,ne  ra"os  •'  power  in  both  or  one 
sideband  to  the  power  in  the  carrier. 


assigned  carrier  level  and  periodic  modulating  signal,  /(f) ;  this  can 
readily  be  accomplished  with  the  equations  below  and  a  time-share 
computer  terminal. 


MATHEMATICAL  DEFINITIONS 

Consider  an  arbitrary,  even,  periodic  modulating  function  /(f),  nor- 
malized such  that/jy]Ax>/MIN  =  +1,  -1  and/AvE  =  0.  with  Fourier 
series 
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/(f)=2£   dncosnwmf=    £    dMein"">t. 
n=\  (!=—«■ 


•Deutsch,  S.,  Theory  and  Design  of  Television  Receivers,  pp.  17-23, 
McGraw-Hill,  New  York,  1951. 


467 


IEEE  TRANSACTIONS  ON  EDUCATION,  FEBRUARY   1973 


Fig.  2.  Envelope  of  SSB  signal  for  triangular-wave  modulation  with 
various  amounts  of  carrier  strength.  AMMF  is  the  normal  AM  modu- 
lation factor;  Pdsb/^C  and  ^SSB/^C  are  *ne  ra''°s  of  power  in  both 
or  one  sideband  to  the  power  in  the  carrier. 


Fig.  3.  Envelope  of  SSB  signal  for  sine-wave  modulation  with  various 
amounts  of  carrier  strength.  AMMF  is  the  normal  AM  modulation 
factor;  iyJSB/^C  ana-  ^SSB/^C  are  tne  rat'os  of  power  in  both  or  one 
sideband  to  the  power  in  the  carrier. 


When  /(f)  is  multiplied  by  cos  ojcf  and  an  arbitrary  amount  of  carrier 
signaJ,  c0  cos  u>ct,  is  added  to  the  result,  it  is  straightforward  to  show 
that  the  envelope  of  the  SSB  signal  is' 


/envW  = 


Y,  dn  cos  nu>mt\ 
n=\  J 


£  d„  sin  nwmt 


1/2 


(The  DSB  envelope  is  the  same,  but  with  lower  summation  limits  -<*>.) 

When  c0  =  1,  1007c  modulation  is  obtained  for  the  normal  AM  signal; 
Co  >  1  represents  less  than  100%  modulation  while  c0  <  1  produces 
overmodulation  or  envelope  distortion.   The  normal  AM  modulation 
factor  can  be  defined  as  AMMF  =  (l/c0)  X  100%. 

Another  quantity  useful  in  measuring  communication  efficiency  is 
the  ratio  of  average  power  in  the  information-carrying  sidebands  to  the 
average  power  in  the  carrier,  i.e.,  PqsbIPc  an(^  ^SSbI^C-  f°r  "SB  and 
SSB  signals.   These  ratios  can  be  computed  for  simple  periodic  modula- 
tion functions  without  the  use  of  the  Fourier  series;  note  that  /'oSB  = 
2VSSB  =  (1/271  $TJ*   f\t)dt. 

Using  the  above  equations,  we  compute  the  SSB  envelopes  for  the 
square  wave,  triangular  wave,  and  sine  wave  with  various  amounts  of 
carrier  present.  These  are  shown  in  Figures  1-3.  The  vertical  scales  are 
the  same  for  each  waveform,  but  any  DC  levels  contained  in  the  enve- 
lopes are  not  shown  since  they  carry  no  information.   The  SSB  enve- 
lope for  the  simple  sine  wave  for /(f)  can  of  course  be  written  in  closed 
form,  in  contrast  with  the  other  two. 


tThis  can  be  left  as  an  exercise  for  the  student. 


DISCUSSION 

While  the  three  waveforms  considered  here  are  far  from  all-inclusive, 
there  are  several  characteristics  common  to  all  three  that  should  allow 
some  qualitative  inductive  observations. 

(1)  Whereas  envelope  detection  of  DSB  signals  can  reproduce  per- 
fectly the  modulating  signal  so  long  as  the  AMMF  is  less  than  100%, 
some  envelope  distortion  always  occurs  with  SSB  signals. 

(2)  SSB  envelope  distortion  is  generally  not  too  serious  until  the 
AMMF  approaches  100%;  it  becomes  more  serious  near  200%,  but  may 
still  be  acceptable  for  sorne  applications  because  the  envelope  depth 
(between  -1  and  +1)  and  basic  period  (Tm  =  2Ti/uim)  are  still  clearly 
unchanged. 

(3)  For  an  AMMF  greater  than  200%,  the  depth  of  the  envelope 
swing  decreases  and  serious  envelope  distortion  results.  In  the  limit  of 
zero  carrier,  the  basic  period  of /(f)  is  no  longer  even  Tm,  a  clearly  in- 
tolerable situation. 

(4)  The  nature  of  the  distortion  is  such  that  the  peaks  are  broadened 
and  valleys  narrowed. 

(5)  Discontinuities  in  /(f)  (such  as  the  sides  of  the  square  wave)  pro- 
duce logarithmic  envelope  singularities;  a  fact  which  may  be  checked 
using  Hilbert  transforms.  The  effect  of  a  finite  post-detector  filter 
bandwidth  will  in  practice  suppress  these  "ears"  to  a  considerable 
extent. 

(6)  Suitable  SSB  transmission  of  PCM  signals  could  take  place  at  an 
AMMF  of  200%  with  proper  selection  of  the  shape  of /(f)  to  represent 
a  binary  digit.  Thus  a  maximum  voltage  swing  at  the  detector  output 
would  be  realized  with  a  minimum  signal  bandwidth  and  minimum  of 
power  transmitted  in  the  carrier. 
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FM/CW  RADAR  SIGNALS  AND  DIGITAL  PROCESSING 
Donald  E.  Barrick 


ABSTRACT 


The  use  and  processing  of  the  FM/CW  signal  for  radar  and  acoustic 
sounder  systems  are  examined  tn  this  note.  This  signal— along  with  real- 
time digital  processing  via  minicomputers—is  currently  being  used  by 
several  groups  for  HF  over-the-horizon  radars.  A  comparative  analysis 
of  the  different  processing  techniques  for  general  radar  applications 
has  yet  to  be  undertaken.  This  note  therefore  attempts  to  promulgate 
details  of  these  techniques  so  that  they  may  find  use  in  other  systems. 
An  example  involving  an  HF  backscatter  radar  is  used  to  permit  the  reader 
to  see  how  the  techniques  are  applied  to  an  actual  problem. 

A  linearly  swept-frequency  signal  format  is  used  in  a  100%  duty- 
factor  mode.  In  the  receiver,  a  replica  of  the  linear  FM  signal  is  mixed 
with  the  received  waveform  at  an  offset  such  that  the  desired  range  window 
is  observed  with  the  lowest  possible  IF  frequency  variation.  This  pulse 
train  is  then  analog-to-digital  (A/D)  converted  and  ready  for  computer 
processing.  Two  techniques  are  described  and  analyzed  for  digitally 
processing  the  signal  via  the  Fast-Fourier- Transform  (FFT)  algorithm. 
The  first  is  a  double-FFT  process;  the  first  FFT  set  is  done  within  a 
pulse-repetition-interval  (PRI )  to  give  range  information.  The  next  FFT 
set  is  done  over  N  PRIs  to  give  Doppler  information.  In  the  second 
technique,  a  single  long  FFT  is  used  over  N  PRIs,  giving  simultaneously 
both  range  and  Doppler  information.  It  is  shown  that  both  techniques  are 
identical,  in  that  they  produce  the  same  information  and  require  the  same 
number  of  computer  steps  in  executing  the  required  FFTs.  Both  techniques 
yield  unambiguous   range  and  Doppler,  for  both  discrete  and  distributed 
targets;  the  note  shows  how  and  where  this  information  is  contained  in 
the  processor  output.  The  note  also  describes  how  two  weighting  functions 
are  normally  applied  to  the  pulse  train  time  samples  to  reduce  objection- 
able range  and  Doppler  sidelobes.  Finally,  simple  "cookbook"  rules  are 
given  for  obtaining  the  signal  and  processing  parameters  based  on  the  radar 
and  target  range/velocity  specifications. 
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THE  DESIGN  OF  A  TEMPERATURE- 
INDEPENDENT  DC  FLOW  RESISTOR 

A.J.  Bedard,  Jr.,  National  Oceanic  and  Atmospheric 
Administration,  U.S.  Department  of  Commerce 


A  flow  resistance  in  conjunction  with  a  volume  and  pressure  transducer  has 
been  used  as  a  high-pass  filter  in  a  National  Oceanic  and  Atmospheric  Ad- 
ministration microbarograph  system.  Any  change  in  the  value  of  the  resis- 
tance with  temperature  results  in  changes  in  system  response  characteristics. 
Therefore,  a  flow  resistor  that  does  not  show  changes  in  resistance  with  tem- 
perature was  desired. 

Considerations  in  the  design  of  flow  resistors  and  the  details  of  a  resistor 
showing  a  value  of  resistance  almost  independent  of  temperature  are  discuss- 
ed in  the  section  that  follows.  The  experimental  techniques  used  in  deter- 
mining the  flow  resistance  are  presented.  The  type  of  flow  of  interest  in  this 
work  is  laminar,  steady-state  flow.  Air  was  used  in  all  tests,  but  the  basic 
principle  is  applicable  to  both  other  gases  and  liquids.  The  means  for  adjust- 
ment of  the  resistance  are  also  described. 


Design  Considerations 


The  Capillary 

A  common  form  of  flow  resistor  is  the  capillary  tube  of  circular  cross  section. 
The  resistance  of  such  a  tube  can  be  calculated  from  the  Hagen-Poiseuille 
law 


R=    8/i/  I  na4  (  1) 

where  R  is  the  value  of  flow  resistance,^  is  the  viscosity  of  air,  /  is  the  length 
of  the  tube,  and  a  is  the  tube  radius.  It  is  assumed  in  the  following  that  the 
tube  is  long  enough  that  end  corrections  can  be  neglected.  Also,  flow  veloci- 
ties are   assumed    low   enough   that    kinetic   energy   corrections   are   not 
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Figure  2.  Evaluation  of  Integral  I  as  a  Function  of  0.  Used  in  Evaluation  of  Equation  6 


significant.  As  temperature  changes,  the  physical 
dimensions  of  the  capillary  leak  change.  Changes  in  air 
viscosity  will  also  occur  with  temperature  at  0.536  micro- 
poise  per  degree  Centigrade  at  20  degrees  Centigrade. '  A 
typical  value  of  air  viscosity  is  190  micropoises.  Note  that 
for  gases  the  viscosity  increases  with  temperature,  for 
liquids  the  viscosity  decreases  with  increasing 
temperature. 

The  linear  coefficient  of  expansion  per  degree  Centi- 
grade of  capillary  tubing  materials  is  in  the  proper  direc- 
tion to  compensate  for  the  air  viscosity  change.  However, 
it  can  be  shown  that  the  magnitude  is  too  small  for  prac- 
tical materials.  It  is  assumed  that  the  longitudinal  and 
transverse  coefficients  are  equal. 

For  air  with  u  =  190  micropoises,  dp/AT  =  0.536 
micropoise  per  degree  Centigrade  and  setting  dR/dT  = 
0 

(i/a)(d«/dr)= 

(i/3)  [( i/M)(dii/dr)] 


(l/a)(da/d7,)=95xlO-5/°C       (2) 

This  is  the  value  of  the  linear  coefficient  of  expansion 
required  to  provide  compensation  for  air  viscosity 
changes.  No  material  with  a  linear  coefficient  of  expan- 
sion in  this  range  that  could  be  made  into  a  capillary 
could  be  found.  The  coefficient  of  stainless  steel  is  too 
low  by  a  factor  of  about  100.  Elastomers  are  a  factor  of 
about  3  too  low.  There  seems  to  be  no  method  of  obtain- 
ing temperature  compensation  for  the  configuration  of  a 
simple  capillary. 


The  Annulary 

The  next  possibility  considered  was  that  of  utilizing  two 
materials  of  greatly  differing  linear  coefficients  of  expan- 
sion in  the  hope  that  large  differential  changes  in  dimen- 
sion with  temperature  would  provide  compensation.  The 
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Figure  3.  Resistance  of  Sectionary  as  a  Function  of  6  expressed  in 
Terms  of  Its  Ratio  to  that  of  a  Capillary  of  Circular  Cross 
Section  with  the  Same  Bore  and  Length.  Curve  was  computed 
from  Equation  5 
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Figure  4.  Experimental  Setup  for  the  Measurement  of  Flow  Resistance 


first  configuration  investigated  was  the  case  for  flow 
through  an  annulus,  a  device  we  will  refer  to  as  an 
annulary.  Annular  flow  resistance  has  been  shown  to  be2 


(  l/c1)(da1/d7)  = 


(l/MMdWdr)  [(««-  a*2) 


R=    (8/i//ir)[(««-  a42) 


+    («J-   a22)2/Ln(a2/a1)}-i 


(3) 


+    (*j-   a2)2/Ln(a2/ai)] 


+    (l/a2)(da2/  dT)[2a2 

+    («|-  fl*)/Ln(82/«1)]  2|/ 


[2«j+    (tfj-   a2)/Ln(a2/ai)]2 


where  ai  is  the  inner  radius  of  the  capillary,  aj  is  the 
radius  of  the  core  and  Ln  is  the  natural  log. 

It  may  be  shown  (Appendix  I)  that  to  obtain  tempera- 
ture compensation  for  the  annulary 


-    [<*4l-<42) 

+    (a\-    a22)2  ILn(a2la  x)]\ 


(4) 
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Figure  5.  Static  Calibrator 


Assuming 


(  II  n)(dnl  dT)=    284xlO-5/°C 


(for  air)  and 


(  l/«2)(  da     /  dT)=    lxlO-5/°C 


(for  stainless  steel)  it  is  found  that  it  is  possible  to  attain 
temperature  compensation  with  available  materials. 
Such  an  annulary  was  designed  and  built,  and  is 
described  in  a  following  section.  However,  although 
temperature  compensation  was  attained,  one  feature  of 
the  annulary  rendered  this  approach  to  the  problem 
impractical. 

The  annulary  resistance  is  also  a  function  of  the  posi- 
tion of  the  core  in  the  capillary  tube.  The  variation  of 
annulary  resistance  as  a  function  of  core  position  was 
determined  experimentally  for  a  particular  unit,  as 
described  later,  and  was  found  to  be  quite  large.  Because 
of  the  difficulty  of  maintaining  the  core  in  a  centered 
configuration  the  annulary  was  not  considered  practical. 


The  Sectionary 

It  was  thought  that  flow  through  a  section  of  the  tube 
might  provide  the  necessary  temperature  compensation 
while  not  showing  the  dimensional  instability  of  the 
annulary.  Flatting  a  core  section  with  an  outer  radius 
equal  to  the  inner  radius  of  the  capillary  was  thought  to 
be  a  convenient  method  of  insuring  that  there  would  be 
no  motion  of  the  core.  The  core  and  the  capillary  would 
be  made  from  materials  with  differing  linear  coefficients 
of  expansion.  A  flow  resistor  of  this  type.  Figure  la,  will 
be  referred  to  as  a  "sectionary." 

For  flow  through  a  section  of  the  tube  the  resistance 
can    be    found    from    the    expression    (Appendix    2) 


R=    (  8ju/  /a4  )<  1/  \e+    sin    0cos     6 

•      [(2/3)sin20-    1]+    /I  I 


(5) 


where  6  is  shown  in  Figure  la.  It  is  half  the  angle  sub- 
tended by  the  flatted  portion  of  the  core.  The  "a"  is  the 
radius  of  the  tube. 
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Figure  6.  Static  Calibrator  Test  Setup 


The  term  /  is 


•rj>  =  0 


I  =     J  M(cos  20/  cos  24>)-    1]  2/ 

Ln(  c  os     0  I  c  os     <l>)i     d4> 


(6) 


The  values  of  this  integral  between  0=0  and  0=7r/2  are 
plotted  in  Figure  2.  The  value  of  4>  ranges  from  zero  at 
the  center  of  the  flatted  portion  to  0  at  the  ends. 

It  is  reasonable  to  assume  that  the  velocity  changes 
very  little  as  a  function  of  4>  for  constant  r  except  in  the 
corners  of  the  sectionary.  A  basic  assumption  in  the 
development  (see  Appendix  2)  of  Equation  5  has  been 
that  the  second  derivative  of  the  velocity  with  respect  to<t> 
is  negligible  in  the  Navier-Stokes  equation.  Because  of 
the  assumption  this  equation  would  be  expected  to  yield 
reasonable   predictions  only  over  a   limited   range   of 


geometries.  Figure  lb  shows  a  typical  cross  section  view 
of  a  velocity  profile  calculated  from  Equation  21  in 
Appendix  2  for  a  typical  geometry  used.  The  tube  radius 
used  was  0.101  inch,  the  length  10  cm,  and0=  50  degrees 
with  a  A  P  of  20jubar.  An  exact  solution  for  this  geometry 
could  be  obtained  with  the  bounding  techniques 
described  by  Kearsley.J  For  the  range  of  flow  velocities 
used  here  Equation  5  has  been  found  to  be  sufficient  for 
design  purposes  and  good  quantitative  predictions  have 
been  made.  Deviations  from  the  assumed  geometry 
caused  by  curing  of  the  silicone  rubber  used  for  the  capil- 
lary seem  to  be  the  chief  source  of  differences  between 
computed  and  observed  resistances. 

Figure  3  presents  a  plot  of  resistance  as  a  function  of 
the  angle  0  in  radians  computed  from  Equation  5.  It  is 
based  on  the  assumption  that  the  value  of  resistance 
determined  using  a  simple  Hagen-Poiseuille  law  calcula- 
tion for  the  bore  diameter  of  interest  is  unity.  Thus,  to 
use  this  curve  determined  the  bore  of  interest  and  calcu- 
lated the  resistance  from  the  Hagen-Poiseuille  law. 
Multiplying  this  value  by  the  relative  resistance  found  in 
Figure  3  for  the  0  used  will  predict  the  flow  resistance  of 
the  sectionary.  In  practice,  corrections  will  have  to  be 
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made  if  the  core  piece  does  not  run  the  entire  length  of 
the  capillary. 

The  combination  giving  temperature  independence 
was  found  by  empirically  testing  sectionaries  consisting 
of  capillaries  made  from  material  having  a  high  coeffi- 
cient of  expansion  and  stainless  steel  cores  having 
various  values  of  d.  The  results,  presented  in  a  following 
section,  show  that  temperature  compensation  was  attain- 
ed. Tests  with  capillary  sections  made  from  both  glass 
and  a  silicone  potting  compound  showed  that  for  glass 
capillaries  the  theoretical  values  of  resistance  determined 
from  Equation  5  agree  well  with  the  observed  values.  The 
observed  values  of  resistance  obtained  using  silicone  pot- 
ting compound  for  the  capillary  material  were 
consistently  higher,  probably  because  of  dimensional 
changes  during  the  process  of  forming  the  capillaries 
from  the  silicone  rubber. 

The  sectionary  form  of  flow  resistor  can  be  easily  and 
reproducibly  changed  by  adjusting  the  length  of  the  core 
within  the  capillary  section.  This  longitudinal  motion  of 
the  core  within  the  capillary  routes  a  portion  of  the  flow 
through  a  capillary  of  circular  cross  section  and  the 
remaining  flow  through  the  flatted  section.  The  relative 


length  of  these  segments  changes  as  the  core  is  moved 
within  the  capillary.  If  the  resistance  of  the  segment  of 
circular  cross  section  is  significant  compared  with  the 
sectionary  flow,  corrections  should  be  made.  In  practice, 
the  resistance  due  to  capillary  flow  of  circular  cross 
section  will  usually  be  insignificant. 

Experimental  Method 

Various  methods  of  measuring  flow  resistance  have  been 
devised.  4-56  Figure  4  shows  a  diagram  of  the  experi- 
mental setup  used  in  the  measurements  described  here. 
Since 


R=    AP/  Q 


where  R  is  the  flow  resistance  in  acoustic  ohms,  AP  is 
the  pressure  difference  across  the  resistive  element  in 
ubars,  and  Q  is  the  flow  rate  in  cubic  centimeters  per 
second,  the  technique  for  measuring  flow  resistance 
reduces  to  the  generation  of  a  known  flow  through  the 
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Figure  8.  Resistance  as  a  Function  of  Annulary  Core  Position.  Data  taken  using  Centrifugal  Calibrator  Test  Setup 


resistive  element  and  measuring  the  resulting  differential 
pressure  across  the  resistive  element.  A  constant  dis- 
placement pump  provided  the  known  flow  rate  in  these 
tests.  A  capacitive  pressure  transducer7  was  used  to 
measure  A  P.  The  pressure  transducer  was  calibrated  at 
low  differential  pressures  with  a  device  devised  in  the 
past  by  the  Infrasonics  Group  at  the  National  Bureau  of 
Standards.  The  basic  principle  is  a  variation  of  a  device 
used  in  measuring  flow  resistance.6  The  late  Peter 
Chrzanowski  of  the  National  Bureau  of  Standards  was 
chiefly  responsible  for  the  adaptation  of  this  device  to  the 
generation  of  small,  known,  pressure  differentials 
(Appendix  3). 

The  static  calibrator  for  low  differential  pressure 
absolute  calibration  (Figures  5  and  6)  consists  of  a  chemi- 
cal balance  and  a  cup  inverted  in  a  liquid  holding 
container  with  a  centrally  located  tube  sampling  the 
pressure  under  the  inverted  cup.  It  can  be  shown  that  a 
relation  exists  between  the  radii  of  the  container,  cup  and 
central  tube;  the  mass  on  the  balance  pan;  and  the 
resulting  pressure  beneath  the  cup.  The  resulting  pres- 
sure change  does  not  depend  upon  the  density  of  the 
liquid  used.  Dow  Corning  fluid  200,  1  centipoise,  has 
been  used  in  this  system.  This  liquid  has  a  low  viscosity 
and  excellent  wetting  properties  which  minimize  drain- 
ing and  surface  tension  effects.  The  pressure  relation  is 
(Appendix  3) 


AP-- 


m  g(r\~   r  3+    r  2" 


)/ 


[*/•*(>*-   r\)+    "»(rj-   rp] 


(8) 


The  radii  are  defined  in  Figure  5.  The  transducer  used  in 
these  flow  resistance  measurements  was  calibrated  by 
this  method. 

The  pump  and  the  pressure  transducer  were  located 
outside  the  temperature  chamber.  The  temperature 
chamber  was  a  Delta  Design  Inc.,  Model  1060W. 
Because  the  precision  pump  was  operated  outside  the 
temperature  chamber,  it  was  necessary  to  apply  correc- 
tions for  the  differences  in  air  density  between  the 
chamber  and  the  pump.  The  coiled  copper  tubing  was 
used  to  insure  that  the  air  attained  the  temperature  of 
the  chamber  before  passing  through  the  flow  resistive 
element. 

The  volume  flow  inside  the  chamber  is 


(dV  I  d/)  = 


V 


T   )(dK Jdt) 
P  P 


(9) 
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Figure  9.  Resistance  as  a  Function  of  Temperature  for  Sectionary, 
illustrating  Compensation.  The  Element  had  the  Following 
Dimensions:  6  =  50  degrees.  Core  Diameter  =  0.119 
inches.  Length  =  4.3  cm.,  and  Outside  Diameter  of  Capillary 
=  0.43  inches 


where  Tc  is  the  chamber  air  temperature  and  T„  is  the 
pump  air  temperature  in  degrees  Kelvin,  dVc/at  is  the 
volume  velocity  in  the  temperature  chamber,  and  dVp/dt 
is  the  volume  velocity  at  the  pump.  One  end  of  the 
resistive  element  and  one  end  of  the  pressure  transducer 
were  left  open  to  the  atmosphere. 

A  different  technique  was  necessary  to  determine  the 
change  in  flow  resistance  of  an  annulary  with  eccentricity 
of  the  core.  To  specify  accurately  the  core  position,  the 
annulary  dimensions  were  made  large,  resulting  in  a  low 
value  of  flow  resistance.  The  method  chosen  to  estimate 
the  change  in  resistance  as  a  function  of  core  position 
was  to  measure  the  change  in  loading  on  a  form  of  centri- 
fugal pressure  generator  (see  Figure  7  and  Reference  8). 


The  centrifugal  pressure  generator  used  was  a  device 
possessing  a  low  output  impedance.  If  the  resistive  ele- 
ment is  approximately  equal  in  impedance  to  the  output 
impedance  of  the  centrifugal  calibrator,  a  pressure 
sensor  can  be  used  to  detect  resistance  changes.  The 
centrifugal  calibrator  will  be  discussed  in  more  detail  in  a 
later  paper. 

Experimental  Results 

This  section  contains  the  results  of  some  of  the  exper- 
iments performed  on  flow  resistors.  Figure  8  shows  the 
dimensions  of  the  annulary,  tested  at  various  core 
positions,  and  the  data  obtained.  The  centrifugal  calibra- 
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Figure  10.  Sectionary  Resistance  as  a  Function  of  Temperature  for  Several  Values  of  0. 


tor  was  used  to  perform  this  experiment.  These  results 
show  that  a  large  change  in  flow  resistance  occurs  with  a 
shift  in  core  position.  The  measured  change  was  not  as 
great  as  would  be  expected  from  the  results  obtained  by 
Johnson  and  Sparrow.9 

Performing  tests  as  shown  in  Figure  4,  resistance  data 
were  obtained  for  various  flow  resistors  as  a  function  of 
temperature.  The  type  of  resistive  element  is  described 
for  each  of  the  cases  presented.  The  ratio  of  the  resis- 
tance at  room  temperature  to  the  resistance  at  chamber 
temperature  has  been  plotted  as  a  function  of  chamber 
temperature  for  various  resistive  elements.  These  results 
appear  in  Figures  9,  10  and  11. 

The  particular  elements  presented  are  as  follows:  The 
solid  line  curve  in  Figure  9  shows  the  expected  change  in 
resistance  due  to  the  air  viscosity  change  with  tempera- 
ture for  uncompensated  capillary  flow.  The  dashed  line 
shows  the  measured  resistance  as  a  function  of  tempera- 
ture for  a  sectionary  with  the  following  characteristics:  8 
=  50  degrees;  core  material=stainless  steel,  0.119  inch 
diameter;  and  length  of  section=4.3  centimeters.  The 
capillary  material  was  RTV-615  manufactured  by  the 
General  Electric  Company.  This  material  was  cast  on  a 


rod  0.119  inches  in  diameter  and  cured  for  one  hour  at 
100  degrees  Centigrade.  The  outside  diameter  was  0.43 
inches.  The  total  resistance  for  this  unit  at  80  degrees 
Fahrenheit  was  1200  ohms.  The  linear  coefficient  of 
expansion  for  the  RTV-615  material  was  34x10"^  per 
degree  Centigrade.  The  measured  resistances  at  various 
temperatures  have  been  normalized  with  respect  to  the 
value  at  room  temperature.  For  use  with  a  microphone 
the  resistance  was  adjusted  to  840  ohms. 

This  sectionary  was  placed  in  the  field  (6/28/68), 
operated  in  an  infrasonic  microphone  for  over  one  year, 
and  then  retested  (10/14/69).  The  characteristics  of  the 
device  were  found  to  have  remained  stable.  The  data 
taken  after  the  field  test  are  also  plotted  in  Figure  9. 

The  absolute  resistance  value  of  this  particular  resistor 
is  about  a  factor  of  2  higher  than  predicted  by  theory. 
Better  agreement  was  obtained  for  other  sectionaries 
made  from  silicone  rubber.  A  set  of  sectionaries  made 
from  glass  capillaries  on  the  other  hand  had  agreed  well 
at  room  temperature  with  the  value  predicted  by  theory 
(see  Figures  12  and  13).  This  discrepancy  probably 
results  from  shrinkage  of  the  silicone  rubber  capillary 
during  the  curing  process. 
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Figure  1 1.  Resistance  of  a  Function  of  Temperature  for  an  Annulary. 
Core  piece  =  0.085  inch  Diameter.  Silicone  Rubber  Inside 
Diameter  =  0.120  inches  and  Length  =  8  cm 


This  slight  shrinkage  will  cause  the  silicone  rubber 
tubing  to  deviate  from  a  circular  cross  section  with  the 
rod  inserted.  This  slight  reduction  of  the  passage  area 
will  cause  the  flow  resistance  to  increase  relative  to  the 
geometry  assumed. 

Figure  9  shows  that  the  temperature  dependence  of 
this  sectionary  was  greatly  reduced  because  the 
differential  coefficients  of  expansion  caused  dimensional 
changes  in  the  air  passage  that  compensate  to  a  large 
degree  for  the  change  in  air  viscosity  with  temperature. 
The  angle  6  necessary  to  accomplish  this  was  determined 
empirically  for  the  materials  and  dimensions  used. 

Figure  10  illustrates  the  effect  of  the  angle  0  on  the 
variation  of  sectionary  resistance  with  temperature  using 


a  silicone  rubber  tube.  At  0  =60  degrees  partial 
temperature  compensation  is  obtained  with  respect  to 
standard  capillary  flow.  The  data  on  resistance  variation 
at  0=50  degrees  are  the  same  data  as  those  plotted  in 
Figure  9.  At  5=30  degrees  over-compensation  is 
attained.  Thus  it  would  seem  that  by  the  proper  choice  of 
the  angle  6  and  the  materials  used  compensation  should 
be  attainable  for  a  variety  of  gases.  Making  the  core  the 
larger  coefficient  of  expansion  piece  would  be  the  proper 
approach  when  working  with  liquids. 

Figure  1 1  shows  the  experimental  data  on  the  resis- 
tance of  an  annulary  as  a  function  of  temperature.  The 
viscosity-caused  variation  is  also  presented  for  reference. 
Two  anomalous  points  in  this  data  below  -20  degrees 
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Figure  12.  Sectionary  Resistance  as  a  Function  of  Bore  Radius, 
Theoretical  and  Experimental  using  Glass  Tubes  for  d  =  50 
degrees  at  Room  Temperature 


Fahrenheit  are  attributed  to  a  movement  of  the  core 
piece.  The  temperature  chamber  was  moved  before  and 
after  these  readings.  Much  of  the  scatter  in  the  plot  is 
probably  due  to  slight  motions  of  the  core  caused  by 
vibration  of  the  temperature  chamber.  The  annulary  was 
made  from  a  0.085  inchO.D.  stainless  steel  core  piece 
and  a  0.120  inch  capillary  section  made  from  a  G.E. 
silicone  rubber  compound  RTV-602.  These  data  and  the 
data  presented  in  Figure  8  indicate  the  problem  posed  in 
maintaining  the  core  centered  in  this  configuration. 
Figures    12    and     13    present    theoretical     and 


experimental  data  for  the  sectionary.  In  Figure  12,  the 
sectionary  resistance  is  plotted  as  a  function  of  core 
radius,  with  0  constant  at  50  degrees.  Glass  capillaries 
were  used.  The  resistance  in  ohms  per  centimeter  length 
at  room  temperature  has  been  plotted  as  a  function  of  6 
in  Figure  13.  A  glass  capillary  was  used  (inside  diameter  - 
0.101  inches)  with  various  cores  in  obtaining  these  exper- 
imental points.  Agreement  with  the  values  calculated 
from  Equation  5,  the  solid  line,  is  good.  The  data  pre- 
sented in  Figures  12  and  13  were  obtained  at  room 
temperature. 
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Using  tubes  of  silicone  rubber  RTV-615(G.E.)in  place 
of  the  glass  capillaries  yields  values  of  resistance  about 
20-30  per  cent  higher  than  the  theoretical  as  shown  by 
the  triangles  on  Figure  13.  A  25  per  cent  factor  would 
seem  to  be  a  good  value  to  use  in  design  work  with  these 
materials.  This  factor  is  probably  dependent  upon  the 
curing  process.  However,  no  work  has  been  done  to 
investigate  the  effect  of  the  curing  temperature. 

The  sectionary  will  not  compensate  for  variations  in  air 
viscosity  caused  by  variations  in  humidity.  Viscosity 
changes  due  to  humidity  changes  are  small  however,  in 
comparison  with  viscosity  changes  due  to  temperature, 10 
and  are  typically  less  than  3  per  cent  at  the  temperatures 
of  interest. 

Conclusions 

The  attainment  of  temperature  independence  using  a 
form  of  annulary  is  accompanied  by  the  basic  difficulty 
of  keeping  the  core  centered.  Misalignments  and  shifts  in 
core  position  can  cause  changes  of  resistance  larger  than 
those  due  to  temperature  changes. 

It  is  possible  to  attain  temperature  independence  by 
using  a  sectionary.  Good  stability  has  been  observed  both 
for  short-term  measurements  of  various  sectionaries  and 
for  long-term  tests  of  a  sectionary  under  field  conditions. 

The  theoretical  relation  developed  in  Equation  5  can 
be  used  to  design  sectionaries.  Although  theory  and  prac- 
tice agree  quite  well,  more  work  should  be  done  to 
investigate  the  effect  of  variations  in  the  curing  process. 

The  resistance  of  the  sectionary  form  of  flow  resistor 
can  be  adjusted  by  varying  the  length  of  the  core  within 
the  capillary. 
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Appendix  1 

Temperature  Compensation  of  an  Annulary 

For 


R=    (8/W  /*)[(a\-  ««) 


+    (a\-   ai2)2/Ln(a2/al)}-1 


(10) 


k8k 
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consider  the  case  for  dR/dT  =  0  and  set  /  =  Na\.  Then 
(dR/  d7")  =    (8nN/  *)(d    I  dT) 

{«■,/[(-!- -J) 

+    (ffj-   ai2)2/Ln(a2/a  {)]} 

(&H/dT)=    0 

(11) 

(l/^)(d/i/dr)=|-l/  L/[(«]-  a42) 

+    («|-  apJ/Ln(a2/fll)]]| 

(  d    /  d  T)  (a  j  /  [  (  a  «  -  a  J  ) 


+    (aj-  ^)2/Ln(fl2/fll)]| 


(12) 


Note  that  aj  and  «2  are  functions  of  T. 
Performing  the  differentiation  and  expansion  gives 


(  Hit)(dn/dT)=  -(!/«  jXdflj/dT) 
+    |(daj/dr)/  [(a]-   «J) 

+    («J-   ^)2/Ln(a2/fll)]} 


H 


+   [4a;/Ln(a2/a;1)] 


-    [4fl1fl*/Ln(a2/a1)] 

+    [(«»+   a2)2/fllLn(a2/fll)]\ 
.  .     +    |(da2/dD/  [(«]-  a*) 


+    (aj-   fl^'/LnU,/*^]} 


{~4a»-    (4a2a2/Ln(fl2/a])] 


-    [4jia21/Ln(fl2/a1)l 
+    [(a\-   a2)*/a2\Ln(a2/a  ^l  2]| 


(  13) 


Combining  and  solving  for 


(1/tfjHdflj/dr) 


yields 

(l/ijJtdij/dr)- 

i(l/M)(d/*/dr)[(aJ-  ««) 


+    (a2-  a2)2/Ln(fl-/a,)] 


1  2 


2'      1 


+    (l/^Md^/dnda2 

+    (*]-  a2)/Ln(j2/fll)]2|  / 
|[2a2+    (*2-  a2)/Ln(fl2/ai)]2 


+    («J-   a2)2/Ln(fl2/fll)]| 


(  14) 


Appendix  2 

Section  ary  Flow 

The  angles  0  and  <J>  are  defined  in  Figure  1 ,  V  is  the  fluid 
velocity  along  the  length  of  the  section,  and  a  is  the 
radius  of  the  capillary  tube.  From  the  Navier-Stokes 
equation  in  polar  coordinates 
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(1/f  )(d    I  dr  )  [r(dV/  dr)]  =    -API ^l 

(15) 

K=    -(  Ai5/ 4/i/  )' 2  +    *Ln    r  +    c 

(16) 


where  6  and  c  are  constants.  The  boundary  conditions  to 
be  used  are  the  following: 
|,   V  =  0  for  r  =  a,  and 
2.   V  =  0  for 


After  substituting  in  Equation  16  for  b  and  c,  we  have 

V=    (API  4/u/  )[a2-    r2]  +    (a2A/>/4/J/) 

j[(cos20/cos2<l>)-    1]/ 

Ln(cos     0/cos     <t>)\  Ln(  r  /  a  ) 

(21) 
volume  flow 


unit  time 


•<J>=0 


r  =   a  (  c  os     0/cos     *) 


/a  r<p- 

/  r K    d4>dr 

«(cos     0/cos     <t>)  ^*=0 


(22) 


From  condition   1: 

(  APa  2  I  4nl  )  =    2>Ln    a+    c  (17) 

From  condition  2: 

(  A/>a2  cos2  9  I  4m/  c  o  s  2  *)  = 

6Ln[a(cos     0/cos     $)  ]  +    c 

(18) 

c=    (a2  API  4nl  )i  1-    (Ln    a) 

[(  cos  2  0/  cos  2*)-    1]1  / 

Ln(cos     0/cos     $) 

(19) 
6=    (a2  AP/  Anl  ) 

<[(  cos  20/  cos  2*)-    1]  / 

Ln(cos     0/cos     <£)  > 

(20) 


Substituting  for  V  gives 

Q=    (LP  I  2  nl  )    f 

*^a  (  c  os     0/cos     4>) 
•<t>=0  , 

r2)r     d*dr 


*/4>=0     l 


+    a2[(cos20/cos24>)-    1]/ 

Ln(cos     0/cos     $)     ... 

...(rLn    r  —   r  Ln    a  )  d^d/v 

(23) 

Performing  this  integration  yields  for  the  first  term 

(  API  8ju/  )a"  <0-    sin    0cos     0 

[  (  2/  3)  s  i  n20+    1]|  (24) 


Now,   performing  integration  on  the  second   term   of 
Equation  23  gives 


J»86 


/-<t>=0 

(&Pa*  I  8pl  )     / 


*=0 

]«/cos!4>)-    1  ]  2  I 
Ln(cos     0  /  c  o  s     *) 


{[[(CO! 

] 
-2(cos  "0/  cos  4*)+    (cos  20/  cos  24>)1 


d* 


(25) 

The  first  term  of  Equation  25  has  been  evaluated  over  the 
interval  <t>=  0  to<t>  =  n/2  (See  Figure  2).  Integrating  and 
combining  the  remaining  two  terms  inside  the  brackets 
yields 


(4/3)cos     0s  i  n3 


Combining  Equations  24  and  26  and  the  term 


(26) 


=      f       ([(co 


s29/cos21>)-    1]  2/ 
Ln(cos     0/cos     <t>)>  d<I> 

This  yields  for  Q 

Q=    (  \P/  8pl  )a*  id-    sin     0c  os     0 
[  (  2/  3)s  i  n20  +    1  ]  +    / 

+    (4/ 3) cos     0s  i  n3  0 > 


(27) 


But  since 

R=    bPI  Q 

R=    (8m/  /a4){l/  [' 


+    sin    0cos     0 
[(2/3)si  n20-    1]+    /]} 
(28) 


Appendix  3 

The  Static  Calibrator  (Figures  5  and  6) 

When  Pfa  =  Pout,  and  the  system  is  in  equilibrium 

M   =    *(r2-   r22)L[P' 

-    *(r2-    r22)L2p+    nr^Lp' 

(29) 

When  PIM  is  greater  than  Pout.  and  the  system  is 
brought  back  to  equilibrium  by  subtracting  a  weight  m 
from  the  balance  pan 


A/ 


-   m   =   *{r\-  r\)Lxp' 


-    *rl(h.+    A,)p  +    . 


2V     1 


nr 2  Lp' 


(30) 


Subtract  Equation  29  from  Equation  30  to  obtain 


m  =    nr  2  h    p+    vr'ih    p 


(31) 


Note 


"3*2  +    "2*1 


is  the  volume  represented  by  the  shaded  area  in  the 
diagram. 

Now,  the  volume  of  liquid  depressed  inside  the  can 
equals  the  volume  elevated  outside  the  can 


f*A*rl-   nr])=   hAvr\-   vr\) 


(32) 
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IX  line 


A=    h  J  h 


=    (*r2-    nr  [  )  /  (  rrr  \-   Trrp  (33) 


/,,=   hxA 


(34) 


Substitute  Equation  34  into  Equation  31  to  obtain 


;;;    /  up     =    r  ^h  ^A+    r  ^h  j 


(35) 


from  which  we  get 


//  L=   m  I  np(r22A+    r22) 


(36) 


due  to  w.TheAp,  the  change  of  pressure  inside  the  can,  is 


Ap  =    ( A    +   h  2 )  pg 


Ap  =    h    (  1+    ,4)  ps 


(37) 


Substitute  in  Equation  37  for  Ai   from  Equation  36 


lp=    [m  g(  1+   A)]  I  [n(r  \A+    r2)) 


Using  Equation  33  to  eliminate  A    gives 


Ap=    [in  g(rj-  r23+   r\-   r  J  )  ]  / 


["J(rJ-rJ) 


(38) 


+    "U'l-    ^)1 


(39) 


Tlius,  the  pressure  inside  the  can  depends  only  on  the 
relative  dimensions  and  mg.  If  the  can  had  a  zero  wall 
thickness,  then  the  differential  pressure  would  be  the 
excess  mass  times  the  acceleration  of  gravity  divided  by 
the  section  area  of  the  can.  For  a  can  with  finite  wall 
thickness  all  four  radii  are  involved  in  the  equation.  The 
density  of  the  liquid  is  not  involved. 

The  static  calibrator  is  based  on  modifying  a  chemical 
balance.  The  balance  constant,  Ap/m,  has  been  deter- 
mined by  careful  measurements  of  the  involved  radii. 
This  constant  is  usually  designated  in  terms  of  Ap/m, 
pbar  per  gram. 


Nomenclature 

A  Ratio  of  liquid  height  displacements,  h^/h-^ 

a  Inner  radius  of  capillary 

a\  Inner  radius  of  capillary  portion  of  annulary 

a2  Radius  of  core 

b  Constant  appearing  in  Equation  16 

c  Constant  appearing  in  Equation  16 

D  Core  displacement  distance 

g  Acceleration  due  to  gravity 

h\  Height  of  liquid  displaced  outside  cup  above 

equilibrium  position 

*2  Height  of  liquid  displaced  inside  cup  below 

equilibrium  position 

/  The  integral  defined  by  Equation  6 

L\  Length  from  top  of  static  calibrator  cup  to 

base 

Z.2  Length  of  static  calibrator  cup  submerged  in 

liquid  initially 

/  Length  of  capillary  tube 

m  Weight  subtracted  from  pan  of  static  calibra- 

tor 

N  Number  of  radii  equal  to  length  of  tube  =  II A 


Jt88 


SO    Fluidic  >  Quarterly 

Q  Volume  velocity 

R  Flow  resistance 

r  Distance  from  center  of  capillary 

rj  Outer  radius  of  central  tube  of  static  calibrator 

ri  Inner  radius  of  cup  of  static  calibrator 

r?  Outer  radius  of  cup  of  static  calibrator 

r4  Inner  radius  of  container  of  static  calibrator 

T  Temperature  of  medium 

Tc  Chamber  air  temperature 

Tp  Pump  air  temperature 

V  Fluid  velocity  along  length  of  section 

dVc/df  Volume  velocity  in  temperature  chamber 

dV„/dt  Volume  velocity  at  the  pump 

AP  Pressure  difference 

6  Half  the  angle  subtended  by  the  flatted  portion 

of  the  core 

p.  Viscosity  of  medium 

p  Density  of  static  calibrator  liquid 

p '  Density  of  cup  material 

<!>  The  angle  from  a  line  bisecting  the  center  of 

the  flatted  portion  of  the  core  piece  to  a  radii. 
May  not  exceed    B. 
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Analysis  of  Four  Optical  Distance  Measuring  Instrument 
Configurations  Using  Electrooptical  Polarization  Modulators 


E.  Norman  Hernandez 


Four  configurations  for  optical  distance  measuring  instruments  using  electrooptical  polarization  modula- 
tors are  analyzed.  Criteria  are  developed  to  compare  the  systems.  A  summary  of  the  systems  is  pre- 
sented, and  their  advantages  and  disadvantages  are  discussed. 


Introduction 

Recent  progress  in  lasers  and  high-frequency  modu- 
lation techniques  has  spurred  the  development  of  opti- 
cal geodetic  distance-measuring  instruments.1  As  the 
final  accuracy  of  the  distance  measurement  depends 
upon  the  modulation  frequency  of  the  optical  beams, 
it  is  desirable  to  have  devices  that  allow  modulation  at 
microwave  frequencies. 

Electrooptic  phase  modulators  are  capable  of  polari- 
zation modulation  of  optical  beams  at  microwave  fre- 
quencies. Recently,  several  distance-measuring  in- 
struments have  been  constructed  using  this  type  of 
modulator. 2_r>  It  is  necessary  to  optimize  such  optical 
configurations  since  the  typical  value  of  r0,  the  peak 
phase  retardation  of  the  modulator,  is  usually  small. 

This  paper  analyzes  four  instrument  configurations 
and  compares  their  expected  performances.  The  opti- 
mal configuration  depends  on  various  parameters  in- 
cluding bandwidth  of  the  receiving-intensity  detector, 
whether  the  system  is  one  way  or  two  way,  and  the 
maximum  frequency  of  modulation  necessary. 

Most  electrooptic  modulators  in  the  microwave  band 
have  small  r0.  In  this  case  of  small  r0,  two  important 
criteria  are  discussed:  amplitude  for  small  T0  and  dc 
residue.  The  first  is  the  amplitude  of  the  applied  signal, 
used  as  a  measure  of  the  strength  of  the  signal  contain- 
ing the  phase  information.  The  second  is  the  value  of 
the  dc  optical  term,  which,  as  in  the  case  of  a  photo- 
multiplier  (PM)  tube,  can  saturate  the  intensity  re- 
ceiver. 


The  author  was  with  the  National  Oceanic  and  Atmospheric 
Administration,  Environmental  Research  Laboratories,  when  this 
work  was  done;  he  now  has  a  joint  appointment  with  the  Applied 
Physics  Laboratory,  University  of  Washington,  Seattle,  Washing- 
ton 981  Of). 

Received  ">  August  1971. 


Theory  of  Electrooptic  Modulator 

Consider  the  electrooptic  crystal  depicted  in  Fig.  1. 
The  following  equations  are  computed  from  Jones's 
matrices  show  n  in  the  figure.  The  fast  axis,  y,  and  slow- 
axis,  x,  of  the  crystal  are  oriented  at  45°  to  the  cleavage 
(x,y).  A  vertically  polarized  optical  plane  wave  is  in- 
cident on  the  crystal  face.  The  electric  field  of  the 
optical  plane  wave  is  represented  by 


Ei„  =  A  cos(aet)at 


(1) 


where  A  is  the  amplitude,  coc  is  the  optical  frequency  in 
radians,  and  a„  is  the  y  direction  unit  vector.  The 
electric  field  is  retarded  by  the  crystal,  resulting  in 


-G 


A  A 

E„„t  =-  |  -  cos(uc«  +  *l)  +  -  cos( 


ad  +  *»)     i 


,].., 


+     -  cos(we<  +  *,)--  cos(«e(  +  «-,;  j*,       ( 

where  <h,  <J>2  are  the  phase  retardations  along  the  yl  and 
xl  axes,  respectively.  For  simplicity,  we  assume  that  a 
net  phase  retardation  occurs  only  on  the  yl  axis,  so 


t  =  I  —  cos(c*(  +  r)  +  —  cos(«e0    a„ 

+      -  cos(we(  +  r)  -  -  cos(uct)    a, 


Defining  V  and  H  by 

E„„,  =  Fa,  +  Ha,, 


(4) 


we  can  write  the  intensity  for  the  vertical,  V,  and  hori- 
zontal, H,  components  as 

V*  =  A'\  cos'f  M  cosM  uet  +  -J    ,  (5) 

H*  =  A'  |sinM  H  sin'Lcf  +  ~)  (6) 

A  device,  such  as  a  PM  tube,  is  used  to  detect  the  hori- 
zontal or  vertical  components.  Such  devices  are  sensi- 
tive only  to  the  intensity  and  will  not  respond  to  oscil- 
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Fig.  1.     I'.lecliooplic  crystal. 

lation  at    optical  frequencies.     This  reduces  Eqs.   (5) 
and  (G)  to 


A* 

v  =  -   (l  +  cosr), 

4 


41 
4 


cosr). 


(7) 


(«) 


In  a  distance  measuring  instrument,  T  contains  in- 
formation concerning  the  path  phase  delay,  that  is,  V  is 
a  function  of  *,  where  *  is  the  phase  delay  introduced 
by  the  propagation  path's  transit  time.  Suppose  that 
the  modulator  is  being  modulated  at  wm  rad/sec.  Then 
T  has  the  form, 


r  =  r0co.s(M„(), 


(9) 


where  r0  is  the  peak  phase  retardation  of  the  crystal 
modulator.  Substituting  Eq.  (9)  into  either  Eq.  (7) 
or  (8)  yields  the  phase  modulated  form, 


COsfr,,  COSUmt). 


(10) 


Expanding  this  function  in  a  Fourier  series  gives  (for 
the  horizontal  term) 

H'  =  1  -  /,(r,)  +  2J,(r»)  cos(2um<)  +  •  •  •  +  e(2na„t),     (11) 

where  6{2nwmt)  is  takSn  to  mean  frequency  components 
of  order  2nwmt  and  higher.  If  we  used  a  quarter-wave 
plate,  Eq.  (9)  would  become 

r  =  To  cos(u„<)  +  (r/2).  (12) 

Expanding  as  in  Eq.  (11)  we  obtain 

EP  =  1  +  2/,(r„)  sin(a,«0  +  •••  +  «[(2n  +  1W|.     (13) 

Comparing  Eqs.  (11)  and  (13)  we  see  that  a  quarter- 
wave  plate  shifts  the  energy  into  the  odd  harmonics. 
In  the  case  of  small  r0,  Eq.  (11)  becomes 

H>  =  l  +  y0(r0)  -  Z7,(r„)  cos(2u„0,  (14) 

and  Eq.  (13)  becomes 

H*  ~  1  +  2y,(r„)  sin(«„0.  (15) 


Three  Configurations 

Systems  II,  Nib,  IVa,  and  IVb  (see  Table  I)  have 
been  built  and  are  in  various  stages  of  testing.  For 
convenience,  we  reserve  final  comparison  until  after  we 
have  analyzed  each  system  separately. 

Systems  I  and  II:    Amplitude  Modulation 
(AM  System) 

This  system  (I)  is  constructed,  as  shown  in  Fig.  2, 
with  a  X/4  retardation  plate  on  the  transmitting  side 
and  a  polarizer  and  I'M  tube  on  the  receiver  side. 
Computing  Jones's  matrices  we  obtain  at  the  output  of 
the  polarizer  for  the  horizontal  intensity 


//«=!-  siii[r0  cos(«J  +  *) 


(16) 


where  the  terms  are  previously  defined.    Reducing  this 
equation  for  small  T0  yields 


w«  «  l  -  2.7,(1',,)  cos(uM<  +  +)  +  ec.iu^n, 


(17) 


where  d(uwj)  is  previously  defined.  Detection  of  the 
amplitude  of  the  cosine  term  requires  either  a  demodu- 
lating I'M  tube  or  a  I'M  tube  that  can  respond  to  the 
wM  frequency.  In  any  event  the  important  parameter  is 
2Ji(T0)  and  the  dc  residue  is  1.  System  II  in  Fig.  2 
does  not  have  the  \/4  plate,  yielding  for  the  horizontal 
intensity 

H'  «  1  -  cos[r0  cos(w„(  +  *)].  (18) 

Expanding  this  equation  gives 

H*  =  1  -  y0(r0)  +  2V,(r„)  co«(2wM<  +  2+),  (19) 

and  for  small  r0> 


//' 


pi        r"0» 

— -+  —  cos(2u>„<  +  2*). 
4  4 


(20) 


Here  the  intensity  receiver  must  respond  to  2aj„  but 
the  dc  residue  is  of  the  order  of  the  received  amplitude. 

System  III:    Two-Modulator  Intermediate 
Frequency  (IF)  System 

This  system  uses  two  modulators  and  is  a  one-way 
system;  that  is,  the  transmitter  is  on  one  end  of  the 
propagation  path,  and  the  receiver  is  on  the'  other  end. 
Jones's  matrices  yield 

— » -  42r°  -O^r5' + i)  -H* ' + !)] 

(21) 


Table  I.    System  Comparisons 


System 


Frequency 


Amplitude 


Amplitude, 
small  To 


dc  Residue 


I 

wl  +  ♦ 

2/i(r.) 

r, 

i 

II 

2ut  +  2* 

2J,(Tt) 

r,«/4 

i  -  J,(rt)  -- 

--  I<r„v4)| 

Ilia 

ut  +  * 

2J,12r„cos(+/2)l 

2r0  cos(*/2) 

i 

Illb 

l(«i  -  «i)/2]i  +  (+/2) 

2r, 

av 

i 

IVa 

dc 

1  -  Jo  2T,  cos(+/2)] 

(r0»/4)(l  +  cos*) 

— 

IVb 

(cjji  —  wt)t  -f-  4> 

r0«/2 

rv/2 

r,«/a 
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Loser 

1 

Modjlotor 

X. 

L_i 

{-,.  \-  -u 

r.      "  r, 

cos  j    isin-y 
ism  f  cosf- 

'  1 

Loser 

Modulator 

_J 

-!  "■ h 

1  0' 

I 

cosT   .s.n^ 

r.  ■     r. 

•  Sin  j    COS-j 

i_j  {"J 

InienS'iy 


:,o| 
i  o  o] 


Loser       Modulator       ~ 
;  o  i  |     r.         r.  i  r  i  c] 

I   I       cos  j    i  sin -j-    [0-1 1 


Loser       Modulotor 


h   o]        Intensify 
10  Oj 


Modulator    Polon«r 

r.        r,'  Uol      Inwnity 


wv — i 


Fijr.   2.     Various  optical  distance  measuring  instrument  con- 
figurations. 

This  reduces,  in  the  case  of  small  r0,  to 

,-1-^,>s(--^  +  *)]cos("'^<  +  *) 

(22) 

If  the  I'M  tube  can  follow  frequencies  of  the  order  of  o> 
where  uii  =  w>  =  o>,  the  amplitude  term  is  given  by 
2./1(2ro  cos$/2)  and  the  dc  residue  is  1.  Detection  of 
this  signal  requires  a  I'M  tube  with  a  frequency  re- 
sponse of  o>. 

If  o-i  ^  ojj  and  r0  is  small,  Eq.  (21)  becomes 


//'  =»  l 


/  0)1    —    U2  \ 

2rtros(  —  — -  I  +  *'2  I- 


(23) 


The  I'M  tube  needs  only  a  response  of  (on  —  w>)/2,  has 
an  output  with  amplitude  2r0,  and  a  dc  residue  of  1. 

Systems  IV:    One-  or  Two-Modulator,  dc,  or 
DF  System 

This  system  can  use  two  modulators  for  a  one-way 
propagation  path,  or,  with  a  folded  propagation  path, 
it  can  use  a  single  modulator.6  Computing  H*  we 
obtain 


//»  =  ] 


(24) 


With  ui  =  02  —  <ji,  Eq.  (21)  becomes 

H*  =  1  -  y0(2r0  cos+/2)  +  «(«/). 

The  output  dc  term  is  1  —  J0(2r0  cos  */2). 
If  oil  t*  ut  and  T0  is  small, 

H>  =  ry{i  +  cos[(u,  -  U1)i  +  *)). 

The  amplitude  is  r02/2,  and  the  dc  residue  IV/2. 


(25) 


(26) 


Comparison 

Table  I  summarizes  the  pertinent  quantities  used  in 
comparing  the  different  systems.  The  various  systems 
are  labeled  I  through  IV.  For  each  system  the  fre- 
quency and  phase  of  the  used  output  are  given  under 
the  column,  frequency.  The  amplitude  of  this  signal 
and  the  value  of  the  amplitude  in  the  case  of  small  T0 
are  given  under  columns  amplitude  and  amplitude 
small  T0.  The  final  column  labeled,  dc  residue,  refers 
to  the  cases  where  the  amplitude  of  the  ac  signal  is  ac- 
companied by  a  dc  term.  In  some  systems  this  dc 
term  can  saturate  the  receiver.  For  example,  system 
Illb  has  an  amplitude  of  2r0  compared  with  IV/2  for 
system  IVb.  If  T0  is  less  than  four  (which  is  true  for 
ui,  o>2  in  the  microwave  range  for  most  modulators),  it 
appears  that  system  I  lib  is  better  than  system  IVb. 
The  basic  systems  differ  only  by  a  X/4  plate.  If,  how- 
ever, a  standard  I'M  tube  is  used  and  if  T0  «  j,  the 
ac  signal  in  system  Illb  will  be  dominated  by  the  dc 
term,  rendering  the  system  useless.  Under  this  condi- 
tion, system  IVb  is  preferable.  This  demonstrates  that 
the  dc  residue  term  is  as  important  as  the  amplitude 
term.  Systems  I  and  II  require  light  detectors  with 
either  a  frequency  response  of  u  (or  2o>)  or  an  internal 
heterodyning  system.  Clearly,  at  microwave  fre- 
quencies, this  is  a  disadvantage.  System  I  suffers 
from  a  large  dc  residue  compared  to  the  amplitude  of 
received  signal  whereas  system  II  does  not.  Wood  and 
Thompson2  of  the  Institute  for  Telecommunication 
Sciences  (ITS)  have  built  a  version  of  system  II  with 
tin  effective  modulation  frequency  of  120  MHz. 

System  Ilia  has  the  disadvantages  of  system  I  and 
requires  two  modulators. 

System  IVa  is  a  dc  system  and  requires  different 
techniques  to  obtain  the  phase  information  <p.  In  the 
other  systems,  the  ac  signal  has  a  phase  (*  or  $/2) 
equal  to  the  propagation  path  phase.  System  IVa  has 
the  advantage  of  needing  only  a  single  modulator  (by 
folding  the  beam  via  a  retroreflector).  The  disadvan- 
tage is  that  the  phase  information  is  contained  in  a 
term  whose  amplitude  is  IV/4,  the  smallest  of  any  of 
the  systems.  This  system  has  been  built  by  Hernandez 
and  Earnshaw  of  the  Environmental  Research  Labora- 
tories.3-4 Systems  Illb  and  IVb  have  been  built  by  R. 
Gilmer,  also  of  the  Environmental  Research  Labora- 
tories (private  communication,  paper  to  be  published). 

Conclusion 

This  paper  has  discussed  four  possible  optical  con- 
figurations for  optical  distance-measuring  instruments. 
For  very  high  frequencies  (S  band  and  higher),  it  ap- 
pears that  only  systems  Illb,  IVa,  and  IVb  are  practi- 
cal (Table  I).  Of  these  four  systems,  Illb  has  the 
worst  dc  residual-to-modulation  amplitude  ratio,  for 
easily  attainable  r0  [typically  for  KH2P04(KDP)  modu- 
lators r0  <  0.l7r].  The  two  remaining  systems  have 
been  built,  tested,  and  checked  with  the  theoretical 
results.  System  II  has  been  built  and  tested  but  for 
lower  modulation  frequencies  (o>  =  120  MHz). 
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NON -REDUNDANT  PHASED -ARRAY  RADAR 
W.  K.  Klemperer 

I.  Introduction 

The  considerable  advantages  of  electronically  steerable,  phased-array 
radars  over  the  more  traditional  mechanically  steered  systems  are  widely 
appreciated.  However,  it  has  become  painfully  clear  that  phased-array 
radars  are  outrageously  expensive,  unusually  heavy  if  fully  implemented, 
and  generally  unreliable.   If  one  examines  the  system  requirements  of 
most  phased-array  radars,  one  finds  that  these  requirements  can  well  be 
met  by  certain  skeletal  arrays  of  far  fewer  elements.   Of  course,  then 
the  array  gain  is  reduced  and  the  sidelobe  level  is  increased  over  what 
it  would  have  been  for  a  completely  filled  aperture.  For  many  applica- 
tions, the  advantages  outweigh  the  disadvantages.  The  per-element  trans- 
mitted power  can  be  increased  and,  in  particular,  with  fewer  elements  one 
can  afford  better  low-loss  components  and  low-noise  receivers.   Sidelobe 
levels  can  be  reduced  by  the  enlightened  application  of  proper  weighting 
functions.  By  far  the  most  important  consideration  is  that  with  fewer 
elements  one  can  significantly  reduce  the  vast  amount  of  redundant  infor- 
mation which  the  usual  array  processor  ,is  forced  to  deal  with.  The  fol- 
lowing section  briefly  outlines  the  general  approach  and  historical  de- 
velopment of  non-redundant  antennas.  Section  III  introduces  some  new 
two-dimensional  array  configurations  of  15,  18,  27  and  30  elements.   In 
the  concluding  section,  some  further  remarks  are  addressed  specifically 
to  the  application  of  element  non-redundancy  to  the  design  of  modern 
phased-array  radar. 

II.  Non-Redundant  Phased  Arrays 

It  is  by  now  generally  appreciated  that  certain  unfilled,  incomplete  or 
"skeletal"  arrays  can  provide  angular  resolution  comparable  to  that  af- 
forded by  filled  arrays  of  similar  overall  dimensions.  All  that  is  re- 
quired of  the  incomplete  array  is  that  the  various  spatial  Fourier  com- 
ponents of  the  radiowave  field  be  determined  from  a  set  of  interferometer 
combinations,  taking  elements  of  the  incomplete  array  two  at  a  time.   The 
resolution  (but  not  the  gain)  of  a  filled  aperture  can  then  be  obtained 
by  synthesis.  The  sensitivity  of  an  antenna  to  these  spatial  Fourier  com- 
ponents is  given  by  its  spectral  sensitivity  function  (s.s.f.)  which  is 
the  complex  autocorrelation  function  of  the  aperture  distribution.   The 
power  radiation  pattern  of  the  array  is  the  Fourier  transform  of  its  s.s.f. 
In  the  optics  literature,  antenna  power  radiation  patterns  are  known  as 
"spread  functions"  and  the  s.s.f. 's  are  called  "transfer  functions." 

An  appreciation  of  the  discrete -interval  (sampling)  theorem  is  also  help- 
ful for  the  design  of  unfilled  arrays.  A  filled  array  has  a  great  many 
redundant  spacings.  On  the  other  hand,  a  good  skeletal  array  determines 
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the  required  Fourier  components  only  once.   Its  s.s.f.  or  transfer  func- 
tion is  characteristically  flat.   It  can  be  shown  that  a  non-redundant 
array  yields  the  highest  possible  resolution*  for  a  given  aperture 
size  [1], 

One -dimensional  arrays  of  minimum  redundancy  have  received  a  good  deal  of 
attention,  and  a  few  representative  arrays  have  been  built  [2], [3].   Fig- 
ure 1  shows  a  plot  of  the  number  of  elements  vs.  the  number  of  spacings 
obtainable.   Linear  arrays  of  zero  redundancy  fall  on  the  boundary  be- 
tween the  shaded  and  the  unshaded  region  (the  curve  y  =  x(x  -  l)/2). 
Various  minimum  redundancy  linear  arrays  of  up  to  ten  elements  are  marked 
by  triangles.   Ordinary,  completely-filled  linear  arrays  fall  on  the 
dashed  line  between  the  unshaded  and  the  cross-hatched  region  of  the  fig- 
ure. With  minimum  redundancy  schemes,  the  number  of  spacings  obtainable 
rises  very  steeply  with  the  number  of  elements  employed. 

Suitable  configurations  for  two-dimensional,  non-redundant  arrays  have 
only  recently  been  proposed  [^]-[6].  Two-dimensional  arrays  of  zero  re- 
dundancy always  sample  m(m-l)/2  unique  points  of  the  u,v  plane,  where  m 
is  the  number  of  aerials.  A  special  sub-class  of  all  arrays  of  zero  re- 
dundancy has  the  property  of  uniformly  and  completely  sampling  the  cen- 
tral portion  of  the  u,v  plane  out  to  some  maximum  radius.  Following 
Golay  [5]  one  can  calculate  a  figure  of  merit  for  such  arrays  as  the 
ratio  of  the  minimum  possible  moment  to  the  given  moment  of  all  the 
points  of  the  transfer  function  in  the  u-v  plane.   Another  useful  param- 
eter is  the  core  number,  defined  as  the  total  number  of  points  in  the 
central  portion  of  the  u-v  plane  within  a  limiting  circle  just  passing 
through  the  unoccupied  points  closest  to  the  center,  to  which  is  added 
one-half  of  the  number  of  points  falling  on  the  circumference  of  that 
circle.  In  practice,  a  small  proportion  (5-10%)  of  holes  in  the  transfer 
function  can  be  tolerated.  Accordingly,  the  core  number  parameter  is  a 
very  conservative  estimate  of  equivalent  filled- array  antenna  performance. 

III.   Two -Dimensional,  Non-Redundant  Arrays 

A  number  of  new  non-redundant  array  configurations  for  up  to  30  elements 
are  shown  in  the  remaining  figures,  along  with  their  transfer  functions. 
Figures -of -merit  and  core  numbers  are  given  in  the  following  table. 
These  arrays  are  all  based  on  a  triangular  or  interlaced  grid.   Such  an 
arrangement  requires  13 -^  fewer  elements  than  an  equivalent  array  ar- 
ranged on  a  rectangular  grid  pattern. 

Finding  good,  non-redundant  array  configurations  is  not  a  trivial  problem 
(which  is  perhaps  one  reason  why  few  previous  examples  have  been  publish- 
ed).  The  brute  force  approach  is  quite  impractical:   note  that  the 
number  of  possible  arrangements  of  36  antennas  on  a  grid  of  Gh   X  6k 
points  exceeds  10130.   The  problem  may  be  defined  as  one  of  choosing, 
from  a  large  number  of  non-redundant  arrays,  those  which  best  satisfy 
criteria  of  compactness  (figure -of -merit)  and  large  core  number.  The 
patterns  shown  were  all  generated  from  known  six -point  patterns  of  zero 
redundancy,  adding  three  new  points  at  a  time  and  using  a  computer  to 
sort  the  resulting  patterns  by  core  number  and  compactness.   Even  better 
patterns  may  yet  be  found. 

Highly  impractical  "supergain"  arrays  (those  with  very  large 
evanescent  fields)  are  excluded. 
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It  is  interesting  to  speculate  whether  really  superb  array  configurations 
of  low  redundancy  exist;  only  zero  redundancy  cases  have  been  examined  so 
far.  A  small  amount  of  redundancy  is  useful:  identical  spatial  Fourier 
components  acquired  from  widely  separated  portions  of  a  low- redundancy 
array  can  then  be  compared  and  thus  provide  a  good  check  on  the  perfor- 
mance of  correlators  and  other  equipment. 

IV.  Applications  to  Phased -Array  Radar 

As  mentioned  in  the  introduction,  the  problems  with  present-day  phased- 
array  radars  are  numerous ;  and  at  least  some  of  these  could  be  solved  by 
using  non-redundant  arrays.  A  great  deal  cf  effort  has  gone  into  the  de- 
sign of  array  elements  to  minimize  mutual  coupling  problems  (which  are 
the  cause  of  array  blindness  in  certain  directions).  Generally,  these 
solutions  limit  the  system  bandwidth.  With  thinned  arrays,  mutual  cou- 
pling is  much  reduced  and  it  should  be  possible  to  design  airborne  multi- 
frequency  radars  capable  of  doing  a  number  of  tasks,  a  list  which  could 
include  terrain  avoidance,  IFF,  mapping,  navigation,  and  even  weather 
radar — all  with  the  same  array.  Although  the  non-redundant  array  has 
much  less  gain  than  its  completely-filled  counterpart,  there  are  many 
radar  tasks  other  than  long-range  search  for  which  high  resolution  and 
agility  are  far  more  important.  With  fewer  elements  to  program  and  col- 
lect information  from,  the  time  and  computational  effort  required  for 
beam  formation  and  beam-steering  can  be  reduced  by  a  large  factor.  Some 
earlier  work  in  phased -array  radar  adopted  the  strategy  of  arranging 
elements  in  random  two-dimensional  patterns,  achieving  some  of  the  advan- 
tages of  the  thinned  and  space-tapered  arrays  familiar  in  one -dimensional 
theory.  Placing  elements  in  a  random  arrangement  avoids  the  periodici- 
ties inherent  in  non-random  arrangements  (which  are  the  cause  of  unwanted 
grating  responses).  However,  very  large  numbers  of  elements  (~  104)  are 
required  in  order  to  achieve  uniformity  and  freedom  from  statistical 
clumping.  The  non-redundant  array,  which  requires  the  least  number  of 
elements  to  obtain  a  given  angular  resolution,  should  find  considerable 
application  in  modern  radar. 
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TABLE  1. 

NUMBER  OF  SPACINGS,  FIGURES  OF  MERIT, 

AND  CORE  NUMBERS  FOR  THE  ARRAYS 

No.  of  Elements    No.  of  Spacings    Figure  of  Merit    Core  Number 

15  210  0.79  l^1 

18  306  0.62  17U 

27  702  0.57  120 

27  702  0.1+2  255 

30  870  0.14-2  291+ 
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Figure  1. 
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NUMBER  OF  ANTENNAS  - 


The  number  of  spacings  obtainable  with  various  linear,  one- 
dimensional  array  configurations.  Those  for  minimum- 
redundancy  arrays  of  up  to  ten  elements  are  marked  with 
triangles. 
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Pattern  Velocity  Computers :  Two  Types  Developed  for  Wind  Velocity 
Measurement  by  Optical  Means 
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We  describe  two  types  of  pattern  velocity  computers  that  have  been  developed  specifically  to  measure  average 
wind  across  an  optical  beam  by  observing  the  light  scintillation  in  two  spaced  receivers  The  technique  is  applicable 
to  a  wide  variety  of  problems  of  this  nature. 
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INTRODUCTION 

In  many  situations,  it  is  desirable  to  obtain  the  mean 
velocity  of  moving  irregular  patterns  of  various  types.  In 
some  cases,  such  as  a  moving  map,  the  pattern  is  not 
changing  with  time;  whereas  in  others— turbulent  atmo- 
spheric How  for  example — the  moving  pattern  evolves  with 
time.  While,  in  principle,  it  is  possible  to  obtain  the  mean 
flow  velocity  by  calculation  from  various  measurements,  it 
is  not  always  convenient  to  do  so.  The  two  types  of  analog 
pattern  velocity  computers  that  we  have  designed  compute 
the  velocity  in  real  time  and  may  be  convenient  to  apply  to 
a  variety  of  problems  of  this  nature.  To  illustrate  the 
principle,  we  will  describe  the  computer  design  considera- 
tions related  specifically  to  the  problem  of  wind  measure- 
ment by  optical  means.  A  discussion  of  the  theory  of  optical 
detection  of  wind  velocity  may  be  found  in  Lawrence 
el  al.1 

If  two  sensors  are  used  to  detect  pattern  irregularities, 
and  they  are  spaced  in  the  direction  of  a  moving  pattern, 
the  mean  pattern  velocity  may  be  determined  in  some 
sense  if  both  the  spatial  statistics  of  the  pattern  and  the 
time-lagged  covariance  function  of  the  fluctuations  seen  by 
the  two  sensors  are  known.  For  some  applications,  it  is 
possible  to  determine  the  pattern  velocity  (or  a  related 
quantity  such  as  mean  wind  from  optical  pattern  motion) 
from  something  less  than  the  complete  function.  The  two 
computers  to  be  described  make  use  of  this  principle. 

In  Fig.  1,  a  plan  view  is  shown  of  the  system  used  to 
measure  wind  velocity  normal  to  an  optical  path.  A  laser 
light  source  is  diverged  slightly  and  directed  toward  two 
photomultiplier  receivers.  Refractive  index  inhomogeneities 
carried  across  the  light  beam  by  the  wind  result  in  a 
moving  light  pattern  of  irregular  intensity  at  the  detectors. 
The  pattern  velocity  computer  measures  the  mean  pattern 
velocity  by  comparing  the  intensity  fluctuations  seen  by 
the  detectors  and  provides  an  output  suitable  for  a  chart 
recorder  or  digitizer. 

In  one  technique  (which  we  shall  call  the  time  delay 
method),  the  delay  of  one  signal  is  continuously  adjusted 
relative  to  the  other  by  the  amount  necessary  to  maximize 
the  normalized  covariance  of  the  two  signals.  If  the  pattern 
does  not  change  during  its  passage  across  the  sensors,  the 
pattern  velocity  is  equal  to  the  sensor  separation  divided 
by  the  appropriate  delay  (see  Fig.  2).  If  the  pattern  is 


changing  with  time,  the  pattern  velocity  derived  by  this 
method  will  be  too  high.'-  However  in  many  cases,  enough 
is  known  about  the  resulting  covariance  function  so  that 
pattern  velocities  may  be  obtained  even  though  the 
pattern  is  changing  with  time.  In  the  case  of  a  uniform 
wind  normal  to  a  divergent  optical  beam,  geometrical 
amplification  along  the  path  produces  a  scintillation  pat- 
tern at  the  receivers  that  changes  with  time.  The  uniform 
wind  velocity  responsible  for  the  moving  pattern  can  be 
shown  to  be  one-half  the  pattern  velocity  found  by  the 
time  delay  method.1 

The  second  technique  (which  we  shall  call  the  slope 
method)  relies  upon  a  measurement  of  the  slope  of  the 
normalized  covariance  at  zero  delay,  the  slope  indicated  in 
Fig.  2.  This  method  largely  avoids  the  problems  of  pattern 
decay  since  the  measurement  involves  comparing  features 
at  nearly  the  same  instant.  This  second  technique  is  much 
more  suitable  for  the  measurement  of  average  winds  by 
optical  means  since  the  slope  remains  proportional  to  the 
component  of  wind  velocity  along  the  separation  of  the 
sensors  and  at  right  angles  to  the  optical  path,  even  though 
the  winds  along  the  path  are  varying  in  velocity  and 
direction.  Computation  of  wind  velocity  under  these  con- 
ditions by  the  time  delay  method  will  not  give  the  correct 
answer.  An  extreme  example  may  be  cited  where  the  wind 
is  blowing  across  one-half  the  optical  path  in  one  direction 
and  with  equal  velocity  in  the  other  direction  across  the 
other  half  of  the  path.  In  this  case,  the  covariance  function 
will  peak  at  zero  delay.  The  slope  technique  gives  the  right 
answer,  zero  mean  velocity,  while  the  time  delay  technique 
would  indicate  infinite  velocity. 

TIME  DELAY  COMPUTER 

Basically  this  circuit  servocontrols  the  delay  of  one  of  the 
sensor  signals  in  order  to  maximize  the  correlation  be- 


Fig.  1.  A  plan  view  of  the  system  used  to  measure  wind 
velocity  normal  to  an  optical  path. 
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Fig.  2.  The  time  lag- 
ged covariance  of  two 
sensors  observing  a 
moving  irregular  pat- 
tern. One  computer 
measures  the  reciprocal 
of  the  time  delay  to  the 
peak  of  the  function; 
the  other  measures  its 
slope  at  zero  time  delay. 


twecn  the  two  fluctuating  sensor  signals.  This  delay  is,  of 
course,  the  time  to  the  peak  of  the  covariance  function.  A 
block  diagram  of  the  circuit  is  shown  in  Fig.  3.  The 
combination  of  two  clippers  and  an}-  of  the  "exclusive  or" 
circuits  forms  a  1  bit  correlator,  which  computes  the 
normalized  correlation  of  waveforms  having  a  Gaussian 
amplitude  distribution.3 

The  variable  delay  shift  register  provides  three  delayed 
outputs,  in  the  ratio  2:5:8.  The  normalized  covariance  of 
signal  1  and  signal  2  delayed  by  2  bits  and  also  of  signal  1 
and  signal  2  delayed  by  8  bits  are  formed.  The  difference  of 
these  two  is  integrated  and  used  to  control  a  voltage 
controlled  generator.  The  output  of  the  VCG  controls  the 
delay  line,  completing  a  servoloop  arranged  to  provide  that 
delay  required  to  maintain  a  normalized  covariance  differ- 
ence of  zero.  If  the  covariance  function  is  symmetric 
around  its  peak,  then  the  peak  delay  lies  halfway  between 
the  2  and  8  bit  delays,  as  shown  in  the  plot  to  the  right  of 
zero  delay  in  Fig.  4.  Thus  the  delay  at  which  the  peak 
occurs  is  continuously  tracked.  Since  the  shift  register 
delay  is  inversely  proportional  to  the  clocking  frequency, 
this  frequency  is  proportional  to  the  pattern  velocity.  If 
the  VCG  is  linear,  then  its  output  is  also  proportional  to 
pattern  velocity. 

The  system  may  be  conveniently  calibrated  by  mea- 
suring the  clocking  frequency  /.  Since  5//  is  the  time  delay 
to  the  peak  of  the  covariance  function,  the  pattern  velocity 
is 

v  =  fd/5, 

where  the  sensors  are  separated  a  distance  d  in  the  direction 
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Fig.  3.  A  block  diagram  of  the  time  delay  computer. 


Fig.  4.  The  time  lagged  covariance  of  two  sensors  observing  a 
moving  irregular  pattern.  The  time  delay  computer  locales  the  peak 
by  adjusting  the  time  delay  of  one  of  the  signals  until  the  covariance 
at  2  and  8  bits  of  delay  is  equal. 


of  pattern  motion,  and  the  pattern  is  not  changing  with 
time. 

The  above  outlines  the  principle  of  operation.  The 
instrument  must  necessarily  be  more  complex  to  assure 
satisfactory  operation  with  actual  signals.  The  following 
discussion  concerns  some  of  the  design  considerations  and 
additional  circuitry  required  for  practical  operation. 

The  high  frequency  cutoff  of  a  shift  register  is  ap- 
proximately one-half  the  clocking  frequency.  This  cutoff  is 
inversely  proportional  to  delay  and  hence  proportional  to 
wind  velocity,  a  desirable  feature,  as  the  signal  bandwidth 
increases  with  wind  velocity.  By  selection  of  the  proper 
number  of  bits  (a  total  of  eight  in  our  case),  the  signal-to- 
noise  ratio  (S/N)  can  be  held  approximately  constant  over 
a  wide  wind  velocity  range.  Signal  conditioning  also  re- 
quires a  low  frequency  cutoff.  Ideally,  this  should  be 
automatically  varied  also.  In  our  system,  however,  it  is  not 
varied.  In  a  general  sense,  the  bandwidth  requirements  are 
dictated  by  the  spatial  frequencies  in  the  moving  pattern 
and  the  separation  of  the  sensors. 

It  requires  more  time  to  make  an  estimate  of  normalized 
covariance  at  low  wind  velocity  than  at  high  velocities. 
Hence,  a  linear  voltage  controlled  generator  is  unsatis- 
factory, and  one  with  a  characteristic  f=k&,  which  in- 
creases error  loop  gain  with  frequency,  is  used.  This 
function  also  improves  the  lock-on  capability  of  the 
system.  The  VCG  must  not  be  allowed  to  go  to  zero  fre- 
quency since  the  shift  register  would  not  transmit  a  signal, 
and  the  servo  system  could  not  lock  on.  A  minimum  fre- 
quency, corresponding  to  a  minimum  readable  velocity 
(and  minimum  HF  cutoff)  must  be  set  for  the  system.  This 
setting  corresponds  to  a  wind  velocity  of  approximately 
0.44  m/sec.  Since  the  fluctuating  servo  system  voltage 
cannot  go  below  that  minimum,  the  mean  wind  reading 
may  be  slightly  high  near  the  minimum.  The  VCG  square 
law  conversion  tends  to  minimize  this  error. 

The  wind  may  blow  across  the  path  from  either  direc- 
tion, so  that  it  is  necessary  to  delay  signal  1  relative  to  2  as 
well  as  2  relative  to  1.  Essentially  duplicate  computers  have 
been  constructed  to  take  care  of  the  two  cases.  In  addition, 
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a  normalized  covariance  measurement  is  made  at  5  bits  of 
delay  in  both  computers  to  indicate  which  computer  is 
giving  a  valid  reading.  In  Fig.  4,  a  typical  covariance 
function  is  shown  with  computer  B  locked  on  the  signal. 
Computer  A  is  attempting  to  lock  onto  the  signal  by  trying 
to  equalize  the  covariances  at  the  2  and  8  bit  delay  points. 
As  a  result  the  servo  system  goes  to  minimum  delay  (maxi- 
mum velocity  reading),  which  is  not  a  valid  reading.  The 
fact  that  the  5  bit  reading  of  computer  B  is  above  that  of 
the  5  bit  reading  of  computer  A  indicates  that  computer  B 
has  the  correct  reading.  In  this  situation,  an  inhibit  circuit 
turns  off  the  output  of  computer  2  but  passes  the  reading  of 
computer  1. 

As  mentioned  earlier,  the  covariance  function  will  peak 
up  near  zero  time  delay  when  the  tnean  drift  is  small,  if 
winds  having  random  directional  components  are  large  by 
comparsion.  This  situation  is  especially  likely  when  the 
mean  wind  direction  is  close  to  the  optical  path  direction. 
To  prevent  a  false  reading  in  this  situation,  a  rudimentary 
check  is  made  of  the  shape  of  the  covariance  function.  This 
is  accomplished  by  requiring  the  difference  in  the  nor- 
malized covariance  at  plus  and  minus  5  bits  of  delay  to  be 
greater  than  a  preset  value  (approximately  0.05  of  full 
scale).  If  this  is  not  satisfied  both  outputs  will  be  inhibited. 

SLOPE  COMPUTER 

The  circuit  employed  to  measure  the  derivative  of  the 
normalized  covariance  at  zero  delay  is  somewhat  simpler 
since  it  does  not  require  servo  systems,  and  a  single  circuit 
measures  winds  in  either  direction  across  an  optical  path.  A 
block  diagram  is  shown  in  Fig.  5.  Again,  the  1  bit  correlator 
principle  is  used.  The  normalized  covariance  is  measured  at 
a  small  time  delay  on  either  side  of  zero.  The  magnitude  of 
the  difference  is  then  a  measure  of  the  slope  at  zero  delay.  A 
third  covariance  measurement  is  made  at  zero  delay  and 
this  value  is  used  in  the  calibration  procedure  to  be 
described  later. 

In  a  1  bit  correlator,  the  output  voltage  of  the  correlator 
is  a  nonlinear  function  of  the  normalized  covariance  C,  i.e., 


C  =  sin[0r/2)ic], 


(1) 


where  R  is  the  ratio  of  output  voltage  to  one-half  the 
output  voltage  difference  between  a  covariance  of  +1  and 
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—  1.  The  waveforms  to  be  correlated  are  assumed  to  have  a 
Gaussian  amplitude  distribution.  Since  the  optical  signal 
intensity  fluctuations  are  log  normally  distributed,  this 
condition  is  satisfied  by  taking  the  logarithms  of  the 
signals. 

For  optical  measurement  of  wind,  the  slope  of  the 
covariance  function  at  zero  delay  dC/dt  is  proportional  to 
wind  velocity,  and  the  proportionality  constant  may  be 
calculated  in  most  circumstances.1  Assuming  this  pro- 
portionality constant  is  known,  we  can  relate  it  to  the 
output  dR/dl  of  the  computer  as  follows.  Differentiating 
(1)  and  substituting,  we  obtain 


dC     -k  dR 

— =-(l-C2)* — . 
dt     2  dl 


(2) 


Thus  we  can  obtain  dC/dl  from  known  values  of  C  and 
dR/dl. 

A  convenient  means  of  relating  dR/dt  to  the  output 
voltage  of  the  computer  is  included  in  the  system.  It 
consists  of  a  generator  of  variable  frequency  having  two 
square  wave  outputs  differing  in  phase  by  90°.  The  ex- 
pected normalized  covariance  of  these  two  signals  is  a 
triangular  waveform,  with  zero  covariance  at  zero  delay.  It 
so  happens  that  the  output  voltage  of  the  1  bit  correlator  is 
linear  with  covariance  for  the  particular  amplitude  distri- 
bution of  the  square  wave,  so  that  the  resulting  triangular 
waveform  is  not  distorted.  For  a  square  wave  of  frequency 
/,  the  slope  at  zero  delay  is  4/,  the  sign  being  determined  by 
which  signal  is  leading.  Thus  a  calibrating  signal  of  known 
slope  is  available,  through  the  relation 

dR/dt  =  4/.  (3) 

Combining     (3)     with     (2),    we    have    the    convenient 
relationship 


/= 


dC/dt 
2tt(1-C2)»' 


(4) 


Fig.  5.  A  block  diagram  of  the  slope  computer. 


where  /  is  the  calibrating  frequency  necessary  to  simulate  a 
slope  dC/dt  for  a  normalized  covariance  C. 

An  inhibit  circuit  is  included  in  the  system  so  that  either 
an  excessively  low  signal  or  low  normalized  zero  delay 
covariance  will  be  detected.  If  the  laser  signal  is  lost  in  the 
daytime,  the  covariance  will  go  to  zero  even  though 
ambient  background  light  may  be  intense  enough  to  pre- 
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vent  low  signal  turnoff,  since  the  noise  in  the  detectors 
under  these  conditions  is  uncorrelated.  If  the  laser  signal  is 
lost  at  night,  the  low  signal  turnoff  is  effective.  The 
covariance  may  not  be  excessively  low,  however,  due  to 
correlated  stray  pickup  in  the  absence  of  other  signals. 

MEASUREMENTS 

Some  examples  of  average  wind  velocity  measurements 
calculated  by  each  computer  from  optical  pattern  velocity 
observations  are  shown  in  Figs.  6  and  7.  The  tests  were 
made  over  a  1  km  path  instrumented  with  seven  propeller 
anemometers  fixed  in  position  to  read  the  wind  component 
normal  to  the  path.  A  comparison  of  the  time  delay  optical 
measurement  with  that  of  the  anemometer  average  is 
shown  in  Fig.  6.  Five-minute  averages  are  plotted. 

In  Fig.  7  a  plot  of  wind  velocity  V0  derived  from  the 
slope  method  is  shown  with  the  seven  anemometer  average, 
K„.  A  5  min  running  average  has  been  applied  to  these 
curves.  The  slope  method  is  preferable  to  the  time  delay 
technique  for  optical  wind  measurement,  as  it  can  measure 
more  accurately  a  small  mean  wind  flow  in  the  presence  of 
large  velocity  components  of  random  direction.  On  the 
other  hand,  the  slope  technique  will  be  adversely  affected 
by  the  addition  of  uncorrelated  noise  to  the  sensor  inputs 
(which  will  reduce  the  slope),  but  the  time  delay  method 
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Fig.  7.  Comparison  of  anemometer  and  optical  wind 
measurement  using  the  slope  computer. 

will  not  be  affected  seriously  as  long  as  the  S/N  ratio  is 
sufficient  to  measure  time  delay  to  the  peak  of  the  co- 
variance  function. 


1  R.  S.  Lawrence,  G.  R.  Ochs,  and  S.  K.  Clifford,  Appl.  Opt.  11,  239 
(1972). 
1  M.  G.  Morgan  and  K.  L.  Bowles,  Science  161,  1139  (1968). 
3  G.  R.  Ochs,  ESSA  Tech.  Rep.  ERL  63-WPL  2,  1968. 
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Tungsten-halogen  incandescent  lamps  are  widely  used 
as  standards  of  spectral  irradiance  in  many  types  of  spec- 
troradiometric  calibration.  The  purpose  of  this  commu- 
nication is  to  present  results  related  to  an  analytic  expres- 
sion for  spectral  irradiance  as  a  function  of  wavelength. 

With  the  increasing  application  of  automatic  data  pro- 
cessing in  spectroscopic  experiments,  it  becomes  necessary 
to  present  standard  lamp  calibration  data  in  a  computer- 
compatible  format.  An  analytic  expression,  compared  to 
a  table  look-up  and  interpolation  technique,  increases  ac- 
curacy by  data  smoothing  and  reduces  storage  require- 
ments for  the  reference  data  at  the  cost  of  a  possible  slight 
increase  in  computation  time.  Such  an  analytic  expres- 
sion has  been  extremely  useful  in  the  computer  assisted 
determination  of  over-all  quantum  efficiency  for  input  op- 
tics, spectrometer,  photomultiplier,  and  photon  counting 
electronics  in  the  automated  processing  of  light  scattering 
data,  for  example. 

Stair  et  al.  have  reported  the  basic  calibration  work1  on 
a  quartz-iodine  standard  of  spectral  irradiance.  Their 
data  are  presented  in  tabular  form  with  spectral  irra- 
diance (in  )iW  per  cm2  per  nm  bandwidth  at  a  distance  of 
43  cm)  given  at  spectral  intervals  between  10  nm  and  100 
nm,  depending  on  how  rapidly  the  data  are  changing  in  each 
region.  Calibration  data  from  commercially  available 
standard  lamps  are  given  in  similar  form  or  in  a  graphical 
presentation. 

We  have  fitted  the  calibration  data  for  the  lamps  of 
Stair  et  al.  and  for  a  commerical  lamp  to  a  function  given 
by  Planck's  Law2  with  a  linearly  and  a  quadratically  vary- 
ing tungsten  emissivity3  over  the  spectral  range  of  inter- 
est. The  fit  utilized  an  iterative  least  squares  method4  to 
linearize  the  error  derivatives,  coupled  with  a  matrix  alge- 
bra solution  of  the  resulting  simultaneous  equations.  The 
adjustable  parameters  were  chosen  to  minimize  the 
weighted  root  mean  squared  fractional  error,  rather  than 
the  more  common  root  mean  squared  error,  because  the 
spectral  irradiance  varies  over  two  orders  of  magnitude  in 
the  spectral  region  considered.  The  general  form  for  the 
spectral  irradiance  is 


P(X)  -  [A,   +  A2(X  -  300)   +  A,(X  -  300)']  Xs 

X  [exp  (A4/A)  -  1]"'.  (1) 

where  P  is  the  spectral  irradiance  in  watts  per  unit  area 
per  unit  spectral  bandwidth,  X  is  the  wavelength  in 
nanometers  in  the  range  300-1200  nm,  A\  includes  emissi- 
vity and  %ichc,  A2,  and  A3  relate  to  the  falloff  of  emissiv- 
ity, and  At  includes  a  factor  of  hc/k  and  the  reciprocal  of 
the  effective  color  temperature  of  the  source.  The  experi- 
mental data  points  were  weighted  for  fitting  purposes  by 
the  reciprocal  of  the  estimated  uncertainty  ratio  given  by 
Stair  et  al.1  We  assigned  a  weight  of  %  at  250  nm  vary- 
ing linearly  to  a  weight  of  1  at  400  nm  and  constant  for  all 
longer  wavelengths,  based  on  estimated  uncertainties  of 
8%  at  250  nm  and  3%  at  400  nm.  While  the  weighting  pro- 
cedure increases  the  fractional  root  mean  squared  error 
slightly,  it  results  in  a  more  faithful  representation  of  the 
irradiance  standard. 

Parameter  values  for  the  best  fit  analytic  functions  for 
two  different  sets  of  lamp  data  are  shown  in  Table  I.  The 
maximum  fractional  error  refers  to  the  largest  error  in  the 
visible  region.  Comparison  of  the  fitting  error  with  the 
estimated  uncertainty  in  the  data  reveals  that  a  three  or 
four  parameter  fitting  function  provides  a  satisfactory  rep- 
resentation of  the  spectral  irradiance  data.  Actual  mea- 
sured and  calculated  values  for  the  data  of  Stair  et  al.1 
are  shown  in  Table  II  for  a  four  parameter  fit. 

It  is  apparent  that  the  additional  parameter  in  the  qua- 
dratic emissivity  fit  serves  primarily  to  reduce  the  larger 
fitting  errors,  without  significantly  lowering  the  fractional 
root  mean  squared  error.  Because  of  the  reduction  in 
maximum  error,  the  four  parameter  analytic  expression  is 
to  be  preferred  for  most  work.  The  error  distribution 
shown  in  Table  II  is  not  random.  Allowing  a  higher  order 
polynomial  approximation  to  the  emissivity  would  im- 
prove the  fit,  but  the  analytic  complication  is  not  justified 
for  typical  applications. 

The  fit  to  the  graphical  data  for  a  commercial  standard 
of  spectral  irradiance5  is  closer  than  the  fit  to  the  data  of 
Stair  et  al.1  This  is  probably  because  the  graphical  data 
are  already  somewhat  smoothed.  Note  that  similar  lamps 
require  significantly  different  parameters  for  a  best  fit  in 
the  least  squares  sense. 

This  study  has  shown  the  utility  of  an  analytic  repre- 
sentation for  the  output  of  standards  of  spectral  irra- 
diance. The  reported  parameters  are  directly  useful  for 
standards  that  are  sufficiently  characterized  by  the  data 
of  Stair  et  al.1  and  are  indicative  of  approximate  parame- 
ter values  for  tungsten-halogen  lamps  in  general.  Maxi- 
mum errors  of  fitting  are  consistent  with  uncertainties  in 
the   experimental   data.     The  analytic   representation   is 
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Table  I.    Fitting  Parameters  for  Standard  Lamps 


Stair  et  al. 


Commercial 


Table  II.    Comparison  of  Experimental 
and  Calculated  Irradiance 


Linear  emissivity 


Wavelength 
(nm) 


Measured 


Calculated 


Error  {'",  ) 


.4, 
.4, 

0.7624  X  10" 
-0.7188  X  10" 

0.8721  X 
-0.9514  X 

10" 
10" 

300 

0.0548 

0.0567 

-3.4 

A, 

4665 

4659 

320 

0.105 

0.107 

-1.9 

fractional  rms  error 

2.3% 

1.7% 

350 

0.242 

0.235 

3.0 

maximum  fractional 

370 

0.374 

0.363 

3.0 

error 

4.1% 

2.7% 

400 
450 

0.647 
1.26 

0.628 
1.265 

2.9 
-0.4 

Quadratic  emissivity 

500 
550 

2.04 
2.96 

2.10 
3.04 

-3.0 

A, 

0.4183  X 

10" 

0.6483 

X 

1018 

-2.9 

A, 

0.5379  X 

10" 

0.3203 

X 

1015 

600 

3.94 

4.00 

-1.6 

A, 

-0.4184  X 

10" 

-0.2770  X 

10" 

650 

4.91 

4.88 

0.6 

A, 

4478 

4567 

700 

5.72 

5.63 

1.6 

fractional  rms  error 

2.1% 

1.7% 

750 

6.32 

6.21 

1.8 

maximum  fractional 

800 

6.69 

6.62 

1.1 

error 

3.0% 

2.3%. 

900 
1000 

6.94 
6.73 

6.95 
6.76 

-0.2 

-0.6 

1100 

6.25 

6.26 

-0.2 

"  In  /iW  per  cm2  per  nm  at 

a  distance  of  43  cm. 

See  Stair  et  al1 

particularly  useful  for  reference  calibration  data  in  auto- 
matic data  processing  of  spectroradiometric  experimental 
results. 
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Departures  from  the  Electrostatic  Crystal-Field  Model  for  Gd1 ' 
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Using  ihe  experimental  energy  levels  of  Gd3*  in  six  hexagonal  crystals  as  a  basis,  we  discuss  modifications 
to  ihe  electrostatic-approximation  crystal-field  model  caused  by  nonlinear  shielding,  nephelauxelic,  and 

covalcncy  induced  molecular  orbital  effects.  The  crystal  field  til  improves  when  levels  l>elonging  to  different 
irreducible  representations  (crystal  <|uanlum  numbers)  are  filled  separately  and  when  levels  of  different 
s| Hydroscopic  terms  are  filled  separately.  Nephelauxelic  and  covalcncy  effects  are  related  for  the  same 
crystal  structure  ami  are  Strongly  structure  dependent.  Nonlinear  shielding  and  or  term-dependent  con- 
figuration-interaction effects  arc  shown  to  be  important  but  not  simply  related  to  the  host  structure. 
Index  Headings:  Spectra;  Crystals;  Gadolinium 
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The  Gd31  ion  is  a  particularly  useful  rare  earth  for  a 
crystal-field  probe.  For  the  4/7  electronic  configuration 
in  ihx  limit  of  Russell-Saunders  (7..V)  coupling,  diagonal 
matrix  elements  of  crystal-field  operators  are  zero.1 2  All 
crystal-field  splitting  is  then  due  to  higher-order  effects, 
which  are  relatively  more  obvious  in  Gd3+  than  in  ions 
that  exhibit  strong  first-order  crystal-field  splitting. 

The  major  contribution  to  the  splitting  of  (ld'1+ 
free-ion  energy  levels  in  a  crystal  host  is  the  electrostatic 
crystal-field  interaction  with  the  intermediate-coupling 
electronic  wave  functions.  We  discuss  here  significant 
evidence  for  additional  contributions  to  the  crystal- 
held  energy-level  splitting  from  nonlinear  shielding, 
nephelauxelic  and  covalcncy-induced  molecular-orbital 
effects.  In  particular,  the  Gd3+  ion  is  studied  in  six 
different  hosts,  each  with  an  identical  6  (C3,,)  site 
symmetry  at  the  ion.  This  variation  in  host  configura- 
tion, but  with  a  consistent,  high  site  symmetry,  provides 
a  unique  way  of  demonstrating  the  effects  of  higher- 
order  cnstal-field  interaction. 

I.  EXPERIMENTAL  DATA 

The  measured  energy  levels  for  (Id34  in  LaBr3,  LaClj, 
GdCl,,  Y(()H)3,  Gd(OH),,  and  LaF3  have  been  re- 
ported previously14  and  will  not  be  repeated  here. 
Experimental  technique  and  data-reduction  procedures 
are  similarly  described.  Typical  uncertainties  of  energy 
levels  range  from  0.03  cm-1  in  LaBr3  to  0.5  cm-1  in  the 
concentrated  salts. 

Point  symmetry  at  the  site  of  the  rare-earth  ion  is 
established  as  6  (C3*)  in  LaBr3,'  LaClj,5  GdClj,6 
Y(OH)3,7  and  Gd(()H)3."  In  LaF3  the  site  symmetry 
is  dominantly  6,9  although  a  distortion  of  the  order 
of  1%  of  a0,  which  will  be  ignored  here,  has  been 
reported."1  This  distortion  does  have  a  strong  effect  on 
some  selection  rules,  however.  The  LaF3  structure 
differs  in  type  front  the  fi\-e  LaBr3-type  hosts,  having 
an  additional  triangle  of  ligands  in  a  plane  normal  to 
the  optic  axis  and  through  the  ion  site.  The  five  LaBr3- 
type  hosts  differ  in  ligand  type  and  lattice  dimension 
onlv.  The  different  crystal  hosts  exhibit  different  near- 


ligand  configurations,  which  give  rise  to  systematic 
differences  between  observed  and  calculated  crystal- 
field  splittings. 

II.  FORMALISM 

A.  Free-ion  Eigenfunctions 

We  assume  that  the  crystal  field  is  a  small  perturba- 
tion on  the  free-ion  hamiltonian.  Free-ion  eigenfunc- 
tions are  used  as  basis  states  for  constructing  a  matrix 
representation  of  the  cnstal-field  contribution  to  the 
total  hamiltonian.  The  intermediate-coupling  free-ion 
calculation  used  for  this  analysis  is  performed  in  the 
usual  wav,  parametrized  bv  the  radial  integrals 
A*(/t  =  0,  1,  2,  3)  of  Kacah"  and  by  «L(A+1),  which 
parametrizes  one  of  the  effective  operators  for  con- 
figuration interaction.12  Details  of  the  particular  free-ion 
diagonalizalion  used  are  discussed  elsewhere.3  Sub- 
sequent free-ion  studies  using  additional  parameters 
for  spin-other-orbit  and  spin-spin  interactions13  have 
been  lit  to  extended  Gd3+  data.14  Crosswhite  has  also 
suggested  additional  empirical  tensor  operators  to 
refine  the  eigenfunction  basis  for  the  crystal-field 
hamiltonian  and  improve  the  fit  to  the  r7n/j  group. 

These  subtle  free-ion  refinements  may  improve  the 
mean  error  of  fitting  calculated  to  experimental  energy 
levels,  but  are  not  expected  to  modify  the  observations 
on  improvement  of  the  fitting  by  considering  non- 
electrostatic  crystal-field  effects. 

B.  Crystal-Field  Parameters 

In  the  electrostatic  approximation,  the  crystal-field 
hamiltonian  summed  over  all  4/  electrons  is  wrilten  as 

Hcl  =  T.  eV(r„0„<*>,). 

i 

This  crystal  potential  is  expanded  in  terms  of  rk  and  the 
unit  irreducible  tensor  operator  £'<,'*'  of  Racah.  •' 
Coefficients  of  this  expansion,  including  the  (r*),  which 
is  constant  for  all  spectroscopic  terms  in  a  given  con- 
figuration, are  the  crystal-field  parameters  Htv.  Only 
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B»°,  IW,  lit",  and   B6r'  are  nonzero  and  observable  in 
this  symmetry. 

Matrix  elements  of  the  (",'"  are  evaluated  using  the 
vector-recoupling  formalism  of  Judd,"'  published  tables 
of  reduced  matrix  elements,"  and  n-j  symbols.18  The 
four  crystal-field  parameters  and  fourteen  free-ion 
level  parameters  are  allowed  to  vary  to  make  a  best 
fit,  in  the  least-squares  sense,  of  calculated  to  experi- 
mental energy  levels.  The  assignment  of  S,  L,  and  J 
quantum  numbers  to  the  experimental  energy  levels 
has  been  described.3 

C.  Non  electrostatic  Effects 

In  addition  to  theelectrostatic-model  effects  discussed 
above,  the  crystal  field  acting  on  closed  SsSp  electronic 
shells  in  the  Gd3H  ion  may  also  result  in  a  shielding 
effect,  which  has  been  postulated  in  an  attempt  to 
explain  the  discrepancy  between  a  priori  electrostatic- 
model  calculations'9  and  empirical  crystal-field  param- 
eters. The  shielding  recognizes  that  the  /"  wave  func- 
tions contain  contributions  from  states  of  higher  con- 
figurations. Linear  (isotropic)  shielding  affects  all 
crystal  levels  equally  as  a  scale  factor  on  crystal-field 
strength  and  cannot  be  detected  by  any  observations 
made  in  this  study.  Nonlinear  (angularly  dependent) 
shielding  results  from  a  distortion  of  the  closed  shells 
by  the  crystal  field  and  depends  on  the  5  and  L  quantum 
numbers  in  the  4/  shell,  and  empirically  means  that 
different  lh'1  are  associated  with  crystal  levels  arising 
from  different  spectroscopic  terms.2"  Possible  effects  of 
nonlinear  shielding  on  the  results  of  this  study  are 
evaluated  by  examining  improvements  of  crystal-field 
fits  when  each  spectroscopic  term  is  considered  sepa- 
rately. Resulting  fitting  improvement  does  not  prove 
the  existence  of  significant  nonlinear  shielding  effects, 
because  configuration  interaction  and  other  wave- 
function  distortions  are  also  in  part  compensated  for 
by  the  separate-term  fits. 

The  electrostatic  approximation  considers  the  free 
ion  to  be  acted  on  only  by  an  electrostatic  field  with  a 
point  symmetry  at  the  ion  site  identical  to  the  site 
symmetry  of  the  crystal.  In  fact,  lattice  and  ion  di- 
mensions suggest  that  the  rare-earth-ion  and  the  sur- 
rounding-ligand  wave  functions  overlap.21  This  overlap 
gives  rise  to  a  nephelauxetic  effect,  which  is  an  expan- 
sion of  the  ion  wave  function  as  a  result  of  overlap  with 
those  of  surrounding  ligands.22  This  is  most  clearly 
observed  as  a  shift  of  Stark-multiplet  mean  energy 
(which  we  take  as  the  free-ion  energy)  for  the  Gd3+  ion 
in  different  hosts.  Ideally,  a  separate  free-ion  calcula- 
tion should  therefore  be  done  for  each  crystal  host. 
However,  because  nephelauxetic  shifts  are  of  the  same 
order  or  smaller  than  the  fitting  errors  of  the  free-ion 
calculation  in  the  present  analysis,  no  significant  im- 
provement would  result  from  separate  diagonalizations. 

Note  that  by  fitting  the  free-ion  calculated  energies 
to  the  empirical  crystal  Stark-multiplet  centers,   the 


nephelauxetic  effect  on  energy,  but  nol  the  more  com- 
plicated effect  on  wave  functions,  is  automatically  in- 
cluded in  the  free-ion  calculation.  Similarly,  a  correct 
choice  of  free-ion  parameters  can  include  the  effects  of 
linear  and  nonlinear  shielding  on  ion  energy  levels. 
It  must  be  emphasized  that  a  set  of  free  ion  parameters 
chosen  on  the  basis  of  best  energy  fit  does  not  necessarily 
result  in  the  most  realistic  set  of  wave  functions  when 
effective,  rather  than  actual,  operators  are  involved. 

No  modification  of  the  free-ion  parameters  can  ac- 
count for  a  mixture  of  ligand  wave  functions  into  the 
central-ion  wave  functions.  The  existence  of  this 
covalency  is  shown  in  the  present  study  by  the  wave- 
function  overlap  required  to  explain  the  observed 
nephelauxetic  effect.  Increased  wave-function  overlap 
between  the  central  ion  and  ligands  results  in  greater 
radial-wave-function  expansion,  which  depresses  the 
Stark-multiplet  centers  relative  to  the  \S'  ground  state. 
Lower  multiple t  centers  are  identified  with  increased 
covalency  in  Sec.  III).  So-called  molecular  orbitals 
are  suitable  combinations  of  central-ion  and  ligand 
wa\'e  functions.  Formal  molecular-orbital  calculations23 
show  that  the  cryslal-field-splitting  parameters  can 
hax'e  different  values  for  eac  h  group  of  states  belonging 
to  a  different  irreducible  representation.  In  the  case  of 
4f,  this  means  empirically  tnai  if  covalent-bonding 
effects  are  important  to  the  crystal-field  calculation,  an 
improvement  of  fit  between  experimental  and  calcu- 
lated Stark  levels  will  result  from  fitting  crystal  levels 
separate!}'  for  each  value  of  crystal  quantum  number /i, 
because  yu  is  the  same  for  all  states  belonging  to  a  given 
irreducible  representation  of  the  group  corresponding 
to  the  point  symmetry  of  the  crystal  at  the  ion  site. 

A  recent  review24  discusses  rare-earth  crystal-field 
theory  in  additional  detail. 

D.  Results 

Table  I  shows  the  free-ion-lcvel  energies  that  give 
the  best  fit  to  experimental  data  for  each  crystal.  These 
values  are  at  most  4  cm-1  different  from  the  Stark- 
multiplet  means,  and  in  typical  cases  are  less  than  0.5 
cm-1  from  the  means.  The  free-ion  levels  were  calculated 
using  parameters  A'av=  878.9,  /-.'=  5754.7,  A2  =  28.083, 
/•;3=576.69,  f=  1477.7,  a=  19.96,  0=  -525.6,  7=  1425, 
and  M"=M2=Mi=  1.5.  All  these  parameter  values  are 
in  units  of  cm-1.  The  latter  seven  values  parametrize 
such  free-ion  refinements  as  configuration  interaction 
and  spin-other-orbit  and  spin-spin  interactions,  and  are 
discussed  more  fully  elsewhere.14 

The  shift  of  free-ion  energy  levels  evident  in  Table  I 
is  a  clear  example  of  the  nephelauxetic  effect.  Crystals 
of  approximated  the  same  structure  in  which  the  Gd3+ 
levels  are  lower  show  stronger  interaction  with  the 
host  bx'  a  larger  crystal-field  splitting.  The  effect  is 
strongly  structure  dependent,  however.  Gd  :LaF3,  which 
differs  in  structure  (but  very  little  if  at  all  in  site 
symmetry)  from  the  five  LaBr3-type  crystals,  shows  the 
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TABLE  I.  Effective  free-ion  levels  of  Gd1+  in  various  crystalline  hosts.  All  energy  levels  in  cm"1. 


Level 

Calc  free  ion 
-32 

!',  Gd:LaBr, 

0.0 

5\  GchLaCl, 
0.0 

GdCli 

2\'  Gd:Y(OH), 

Gd(OH)j 

0.2%Gd:Lal 

•Si/i 

0.0 

0.0 

0.0 

0.0 

'Pir, 

32  224 

32  097.0 

32  121.5 

32  084.1 

32  036.8 

32  054.9 

32  197.8 

>Pm 

32  816 

32  692.3 

32  717  7 

32  679.5 

32  627.8 

32  647.1 

32  791.1 

•P»/i 

33  341 

33  263.1 

33  288.3 

33  251.7 

33  221.1 

•/,« 

35  ')33 

35  825.0 

35  849.4 

35  807.9 

35  767.0 

35  783.5 

3.5  959.4 

•/„, 

36  247 

36  166.3 

36  194.3 

36  151.0 

36  111.9 

36  127.1 

36  304.2 

'/.7/. 

36  309 

36  19°  9 

36  245.0 

36  206.0 

36  174.7 

36  190.8 

36  360 .8 

'/„/, 

36  514 

36  439.3 

36  471.3 

36  429.7 

36  389.2 

36  403.9 

36  582.2 

'lit,, 

36  627 

36  546.8 

36  589.0 

36  546.6 

36  513.1 

36  525.7 

36  702.1 

«/„„ 

36  660 

36  586.3 

36  622.5 

36  581.0 

36  548.2 

36  563.0 

36  727.8 

'D,/1 

39  675 

39  507.0 

39  555.5 

39  508.1 

39  502.3 

"/;„, 

40  615 

40  428.2 

40  492.4 

40  444.5 

40  424.9 

■/>,„ 

40  674 

40  516.4 

40  586.7 

40  538.7 

40  531.3 

•/>i/i 

40  847 

40  679.2 

40  745.4 

40  694.1 

40  680.7 

'lh„ 

40  967 

40  786.2 

40  900.0 

40  856.6 

40  806.0 

smallest  nephelauvetic  shift  and  the  largest  crystal-field 
splitting  of  all.  Note  that,  in  general,  the  relative  order 
of  nephelauxetic  depression  for  the  various  crystals 
changes  between  '7  and  f'D  terms,  indicating  a  possible 
variation  of  ligand -induced  configuration  interaction. 
The  desirability  of  a  separate  free-ion  diagonalization 
for  each  host  is  apparent. 

The  question  of  a  separate  free-ion  diagonalization 
for  each  host  has  been  studied  for  Pr'+  and  reported  in 
detail.2''  In  the  case  of  Gd3+,  such  improvement  would 
not  be  so  marked  as  in  Vr>+,  in  which  first-order  crystal- 
field  effects  are  important. 

Table  II  lists  the  /n"  in  the  Kacah  expansion  of  the 
crystal  field  and  the  mean  error  of  fitting  for  each 
crystal  host.  The  mean  error  of  fitting,  a,  is  given  by 

cr  =  (  JL    squared  residual//))', 

levels 

where  the  squared  residual  is  (/'.', xpt—^'-mic)2  and  D  is 
the  number  of  experimental  levels  fitted  minus  the 
number  of  free  parameters.  These  values  are  the 
reference  electrostatic-fit  parameters  that  we  attempt 
to  improve  by  considering  other  crystal-field  interaction 
mechanisms. 

Mixing  of  the  ligand  wave  functions  with  the  wave 
function  of  the  central  ion  results  in  a  different  set  of 
crystal-field  parameters  being  associated  with  levels 
having  different  crystal  quantum  numbers,  as  pre- 
viously discussed.  To  check  this  so-called  covalency  or 
molecular-orbital  effect,  separate  crystal-field  fits  were 


Table  II.  Least-squares-fit  crystal-field  parameters  for  Gdi+  in 
various  hosts.  All  parameters  and  errors  in  cm-1. 

Mean   Levels 
Crystal  B,°(6')  Bt'(U)    Bf(U)     Bt'(U)    error        fit 


l%Gd:LaBr3 

-349 

-323 

870 

-1530 

3.60 

58 

5%Gd:LaCl, 

-294 

-311 

1150 

-1220 

2.58 

56 

GdClj 

-363 

-369 

12S0 

-1650 

3.51 

43 

2%Gd:V(OH), 

-478 

-700 

730 

-1740 

3.43 

41 

Gd(OH)3 

-500 

-517 

1730 

-2260 

3.76 

36 

0.2%Gd:LaFj 

-290 

2110 

-2530 

2290 

5.42 

37 

performed  for  experimental  levels  associated  with  each 
value  of  n.  The  IW  were  allowed  to  vary,  but  the  free- 
ion-level  parameters  were  fixed  at  values  determined 
in  the  all-value  fits  and  shown  in  Table  I.  Three  crystals 
showing  good  resolution  in  fi/  and  representative  of 
three  degrees  of  nephelauxetic  depression  and  two 
types  of  structure  were  fitted.  Table  III  records  the 
results  of  the  fitting.  Mean  error  a  is  that  associated 
with  the  crystal-field  parameters  in  Table  II;  improved 
mean  error  a'  is  the  best-fit  value  associated  with  the 
parameters  in  Table  III. 

In  order  to  evaluate  the  degree  of  improvement 
attributable  to  the  separate  fitting  procedure,  the  cr"s 
for  each  crystal  were  averaged,  weighing  a'  for  each  m 
by  the  number  of  levels  in  each  subgroup.  These 
weighted  averages  are  entered  in  Table  IV.  For  com- 
parison, the  mean  error  of  the  all-level  fit  is  also  shown. 


Table  III.  Reduction  in  mean  error  by  separate  fits  to  levels 
having  the  same  crystal  quantum  number — (covalency).  All 
values  in  cm-1. 

l%Gd:LaBr,    2%Gd:Y(OH)3    0.2%Gd:LaF, 


•  =  i 


H=l 


a 

3.59 

a' 

3.43 

BS(U) 

-358 

Bt'(U) 

-351 

S.°(f) 

980 

B,'(U) 

-1050 

a 

3.40 

<rr 

3.19 

Bt*(U) 

-367 

Bt«(U) 

-187 

B,"(U) 

60 

B,'(U) 

-1560 

a 

4.16 

a' 

3.46 

Bj>(U) 

-306 

Bt°(U) 

-330 

BJ>(U) 

-160 

B,*(U) 

-2150 

3.49 

3.21 

-500 

-570 

810 

-1950 

3.83 

3.13 

-577 

-695 

-300 

-1930 

3.65 

2.82 

-438 

-724 

1690 

-1160 


5.71 

5.16 

-327 

2270 

-2400 

200 

6.11 
5.83 
-257 
1980 
-2700 
2760 

5.56 
5.37 
-253 
2070 
-2050 
2340 
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TAIILE  IV.  Dependence  of  mean  error  a  on 
fitting  method.  <r  in  cm"1. 


Crystal 

All  levels 

ByM 

By  term 

1%  Gd:LaIir:, 

3.50 

3.35 

3.03 

%  improvement 
5%Gd:LaCI, 

2.48 

4.3"; 

13.4% 
2.28 

%  improvement 
GdClj 

3.24 

8.1% 
2.69 

'  <  improvement 
2%Gd:Y(OH)a 

3.27 

3.05 

17% 
2.65 

' ,  improvement 
Gd(OH)3 

3.53 

6.7", 

19% 
3.26 

%  improvement 
0.2%Gd:I,al3 

5.08 

5.45 

7.7% 
4.47 

'  c  improvement 

(-7.2%) 

12% 

This  all-level  a  is  slightly  smaller  than  the  value  in 
Table  11  because  it  was  computed  allowing  only  the 
Hk1  to  van-  with  all  free-ion-level  parameters  fixed. 
This  means  that  all  mean  errors  entered  in  Table  IV 
are  calculated  by  the  same  method  and  are  directly 
comparable. 

Gd:LaF.T  shows  no  improvement  attributable  to  the 
molecular-orbital  fit.  The  mean  error  actually  increases 
because  the  number  of  levels  entering  into  each  fit 
(and  hence  the  number  of  degrees  of  freedom)  is 
reduced  in  the  M-fit  case,  whereas  the  actual  calculated 
errors  remain  the  same  or  decrease  only  slightly.  This 
result  is  not  at  all  surprising.  From  the  relatively  small 
nephelauxetic  depression,  we  predict  slight  or  negligible 
overlap  of  central-ion  and  ligand  wave  functions.  Hence 
ligand  wave  functions  will  have  little  or  no  effect  on 
the  crystal  energy  levels.  Free-ion-level  depressions 
lead  us  to  expect  that  molecular-orbital  effects  will  be 
more  important  in  Gd:LaBr3  and  still  more  important 
in  Gd:Y(OH)j.  The  results  of  crystal-quantum-number 
fits  in  Table  IV  bear  out  these  predictions. 

This  result  is  also  consistent  with  qualitative  notions 
of  ligand  size  or  spatial  extent  of  ligand  wave  function. 
We  would  expect  the  ligands  to  increase  in  size  as  F~, 
Br~,  and  (OH)~.  The  relative  increase  of  fitting  im- 
provement as  wave-function  overlap  increases  is  evi- 
dence of  a  significant  molecular-orbital  effect  in 
Gd  :LaBr3-type  crystals  and  is  a  qualitative  validation 
of  the  formal  molecular-orbital  formulation23  as  applied 
to  rare-earth  salts. 

Separate  crystal-field  fits  were  also  performed  for 
Stark  levels  arising  from  different  spectroscopic  terms 
in  each  crystal.  Fitting  procedure,  fixed  and  variable 
parameters,  and  weighted  averaging  methods  were 
identical  to  those  discussed  for  the  molecular-orbital 
fits.  Improvement  of  the  term  fit  over  the  all-level  fit  is 
evidence  for  nonlinear  shielding  and/or  configuration- 
interaction  wave-function  distortion  in  an  unknown 
ratio.  Results  of  the  term-fitting  procedure  are  shown 
in  Table  V,  where  a  and  a'  refer  to  mean  errors  with 
all-level  and  term-only  crystal-field  parameters,  respec- 
tively. This  improvement  is  consistent  with  related 
earlier  results.2* 


Comparative  fitting  improvement  is  evident  in  Table 
IV.  Shielding  and  configuration-interaction  effects 
together  are  clearly  more  important  than  molecular 
orbital  effects.  There  is  no  obvious  relation  between 
term-lilting  improvement  and  crystal  structure,  wave 
function  overlap,  free-ion-level  depression,  or  anv  other 
distinctive  crystal  characteristic .  It  is  therefore  possible 
to  associate  an  average  lilting  improvement  of  about 
13%  with  recognition  that  nonlinear  shielding  and  or 
term-dependent  configuration-interaction  effects  affect 
and  modify  the  free-ion  wave  function  in  a  crystalline 
environment.  A  somewhat  lesser  improvement  is  asso- 
ciated wilh  a  consideration  of  molecular-orbital  effects 
involving  the  host  lattice. 


Tahle  V.  Reduction  in  mean  error  by  separate  fits  to 
spectroscopic  terms.  All  values  in  cm"1. 


l%Gd:UHr., 

5%G(1:UCI3 

GdCI3 

a 

3.69 

2.77 

3.48 

a' 

3.00 

2.31 

2.43 

B,°(U) 

-302 

-261 

-312 

«/> 

B,a(U) 

-310 

-335 

-566 

B.°((7) 

873 

1150 

1250 

Bt'(U) 

-1530 

-1220 

-1650 

a 

3.42 

2.27 

2.91 

a' 

3.24 

2.19 

2.60 

Bj>(U) 

-268 

-277 

-292 

6/ 

BJ>{U) 

-369 

-351 

-509 

B.'(U) 

1100 

1140 

1110 

B,'(U) 

-1220 

-1040 

-1300 

a 

4.83 

3.73 

4.73 

a' 

2.37 

2.52 

2.91 

B,"(U) 

-448 

-345 

-438 

«/; 

BJ>(U) 

-345 

-302 

-341 

BJ>(U) 

-141 

1260 

1730 

B.6((V) 

-2120 

-1920 

-2470 

2%Gd:Y(OH)3 

Gd(OH)3 

0.2%  Gd  :LaF3 

a 

3.72 

3.80 

5.87 

a' 

0.49 

2.71 

3.11 

Bt'W) 

-447 

-454 

-257 

>p 

Bt°(U) 

-186 

-290 

3280 

Bt"(V)' 

727 

1730 

-2530 

B,'(U)* 

-1740 

-2260 

2290 

a 

3.35 

3.52 

5.06 

a' 

2.93 

2.83 

4.79 

B2<>(U) 

-699 

-717 

-452 

«/ 

B<°(U) 

-639 

-503 

2000 

Bt'(U) 

1030 

1840 

-2850 

B,*(U) 

-1550 

-1810 

2410 

a 

4.55 

a' 

4.33 

BJ>(U) 

-544 

>D 

Bt'(U) 
B,»(U) 
Be6((V) 

-511 

982 

-1930 

1  Not  allowed  to  vary. 
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E.  Conclusions 

For  Od",  noneleclrostatic  crystal-field  effects  make 
significant  contributions  to  the  ion  energy  levels  in 
crystal  hosts. 

Empirical  corrections  thai  are  expressed  as  separate 
sets  of  crystal-field  parameters  for  energy  levels  belong- 
ing to  a  given  irreducible  representation  (crystal 
quantum  number)  account  for  the  covalency-induced 
molecular-orbital  effect.  Kor  a  given  crystal  structure, 
the  molecular-orbital  interaction  correlates  in  direct 
proportion  with  ncphclauxctic  energy-level  depression 
and  with  crystal-field  splitting.  This  is  reasonable 
because  both  effects  result  from  overlap  between  ion 
and  ligand  wave  functions.  The  molecular-orbital  effect 
does  not  correlate  with  crvslal-field  splitting  for  differ- 
ent host  structures. 

Empirical  corrections  expressed  by  separate  fits  to 
each  spectroscopic  team  are  indications  of  nonlinear 
shielding  and  or  configuration  interaction.  No  correla- 
tion between  energy-level  fit  and  crystal-host  charac- 
teristics is  evident  from  a  study  of  Table  111.  Analyses 
with  an  improved  semiempirical  hamiltonian'314-24  to 
reduce  configuration  interaction  effects  in  the  wave 
functions  used  to  evaluate  the  £'"'  matrix  elements 
may  help  isolate  configuration-interaction  effects  from 
residual  nonlinear  shielding. 
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